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The Transient Oxidation of Single 
Crystal Ni A1 +Zr 
J. K. Doychak 
The 800°C oxidation of oriented single crystals of Zr doped 
@-NiA1 was studied using transmission electron microscopy. The 
oxide phases and metal-oxide orientation relationships were 
determined to characterize the transient stages of oxidation 
prior to the transformation to or formation of a-A1203. 
On (001) and (012) metal orientations, NiA1,0, was the first 
oxide to form followed by 6-A1203 which becomes the predominant 
oxide phase. All oxides were highly epitaxially related to the 
metal; the orientation relationships being a function of 
parallel cation close-packed directions in the metal and oxide. 
On (011) and (111) metal orientations, - A 1 3  became the 
predominant oxide phase rather than 6-A1 ,O, indicating a 
structural stabil ity resulting from the highly expitaxial 
oxides. The relative concentration of aluminum in the oxide 
scales increased with time indicating preferential ex or 
a-A1 ,03 growth. 
Orientation relationships between the metal and oxide existed 
for all metal orientations studied. On (001) metal, the Bain 
relationship was always present and is given as: 
The orientation relationship on (012) metal was: 
Three orientation relationships existed on (011) metal at short 
oxidizing times, but only the Nishyama-Wassermann relationship 
persisted when y-A120, became the predominant oxide phase. The 
three orientation relationships are the Nishyama-Wassermann, 
The Kurdjumov-Sachs , 
and a third relationship, 
(011) rn 1 1  (ill) 
OX 
[zii] I I [oli] 
m OX 
On (111) metal, the orientation relationship contained three 
variants, 120" apart, and is given as: 
(Ill), 1 1  near (021)0x 
[liolm I I ~1001 OX
Simplified computer modeling of the orientation relationships 
confirmed geometrical interface theories but did not provide 
sufficient information to predict energetically favorable 
orientation relationships. 
i i i  
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Introducti O K  
A )  Background 
Continuing  advancement;^ in hi gh-tempera ture techno1 ogy have 
placed an increasing demand on the materials used for  such 
applications. The development of high temperature alloys over 
recent decades has fac i l i ta ted  the operation of gas turbine 
engines, power generating plants and other high-temperature 
equipment. The t i t l e  of "superalloys" has been given t o  
metallic alloys designed to  have superior strength and creep 
resistance a t  elevated temperatures in the range 800°C - 
110o0c. 
The improvements in alloy design characteristics of superalloys 
are based on optimum use of phase composition and morphology. 
The basic alloys consist of an iron, cobalt or nickel matrix 
with chromium added to improve strength and corrosion res i s -  
tance. As operating temperatures are increased, corrosion 
resistance i s  maintained b u t  strength f a l l s  off rapidly. 1 
Additional alloying elements, each with a specific purpose, are 
added to  increase the mechanical properties a t  higher tempera- 
tures.  As many as a dozen elements comprise some modern super- 
alloys. 
As can be expected when taking into consideration the number of 
elements in superalloys, the corrosion characteristics are 
quite complex since they are related to oxide formation on the 
alloy surface. The alloying elements allow better mechanical 
properties at higher temperatures at the expense of good 
corrosion resistance. Two factors are involved in poorer 
corrosion resistance: 1) numerous oxide phases not considered 
to be protective and 2) degradation of protective oxides. 
Corrosion resistance has in the past been, and still is, 
obtained by coating superalloy components with a material that 
oxidizes to form a protective oxide scale. Oxidation resis- 
tance, though not completely synonymous with corrosion resis- 
tance, is the property that is under consideration. 
The basis for using coatings is their ability to form a protec- 
tive oxide scale. The requirements for a protective oxide are 
thermodynamic stability, and a slow growth rate of a complete, 
uniform, adherent scale. The oxides that conform best to these 
specifications are Cr203, Si02 and A1203. Of the three, A1203 
has superior properties of a slow growth rate and high 
thermodynamic stability at operating conditions. Being an 
oxide of a very common and important alloying element, alumi- 
num, A1203 is quite convenient to incorporate into the scheme 
of oxidation resistance. 
Coating alloys must then have a sufficient aluminum content to 
provide a continuous alumina scale. An intermetallic compound 
such as NiAl would fulfill this requirement. Problems arise, 
however, when the entire oxide-coating-substrate system is 
taken into consideration. Interdiffusion between the coating 
and substrate alloys can result in depletion of the aluminum 
content of the coating to an extent where the coating can no 
longer supply enough aluminum for a continuous oxide scale. 
Chromium can be added to NiAl to increase the compatibility 
between the coating and substrate by decreasing the relative 
amount of A1 in the coating alloy which decreases the composi- 
tional gradient. Optimum levels of Cr and A1 are near 15 at ?A 
and 25 at % respectively. 2 
The ability to maintain a protective oxide scale also depends 
upon the ability to resist damage of the initial layer and 
reformation of the oxide once it has been damaged. Most 
operations involve cyclic conditions where the oxide-metal 
system undergoes differential thermal expansions and con- 
tractions. Upon cooling of a gas turbine engine for example, 
the oxide would be in compression because its thermal expansion 
coefficient is less than that of the underlying metal. Cracks 
can form in the oxide where local stress states warrant their 
formation, the theoretical stresses being much higher than the 
3 limits for the system as shown by Ebert and by Garlick and 
4 Lowell . The oxide scales  can a l so  be damaged by debris frotr 
the atmosphere. Therefore, i t  i s  c r i t i c a l  t ha t  the oxide layer 
be adherent, f r e e  from defects  and ea s i l y  reformed i f  bare 
metal i s  exposed. 
The adherence of an oxide t o  a  metal subst ra te  has been found 
t o  be improved by addit ions of small amounts of react ive  
elements o r  oxide dispersions t o  the a l loy.  A number of 
d i f fe ren t  theories have been proposed to  explain the mechanism 
by which t h i s  phenomenon occurs. 
The growth s t r e s s  mechanism, proposed by Golightly, S t o t t  & 
Wood, suggests t ha t  dopant addit ions a re  incorporated in to  the 
inward growing oxide preventing counterdiffusion of aluminum 
cations via grain boundaries o r   dislocation^.^ Elemental 
addit ions o r  oxide dispersions added t o  the a l loy were found t o  
reduce voids a t  the metal-oxide in terface .  6 y 7  This e f f ec t  i s  
known as the vacancy sink mechanism and has been observed in 
many s tudies  of oxide adherence. The pegging mechanism in- 
volves intrusions of oxide in to  the a l loy resul t ing from dopant 
addit ions.  8 ' 9  A f ina l  mechanism i s  t ha t  of the poss ib i l i ty  of 
enhanced chemical bonding between the oxide and metal resul t ing 
from dopant additions.1° Of the four mentioned, no s ingle  
mechanism has been found t o  be the dominant fac to r  in adher- 
ence, b u t  a l l  may contribute.  Oxide adherence i s  on1.y one of 
the factors involved in the oxidation resistance of alloys. 
Fundamentally, the formation and growth of the oxide la,yer are 
also important. Affecting the parameters involved in the oxide 
formation process can have an effect  on the subsequent growth 
of the oxide and thus on the oxidation resistance of a materi- 
a l .  
Improvements in the oxidation resistance of alumina forming 
alloys have been a major topic of high-temperature research. 
With the need for  improvement in mind, the present oxidation 
study was proposed to  expand on methods t c  obtain th is  goal. 
These methods involve control 1 ing the scale growth rate by 
control of the scale microstructure. To el iminate other 
variables, a single phase, NiAl + Zr alloy will serve as the 
substrate. Therefore, i t  i s  convenient to  review the l i t e r a -  
ture on the formation and  growth of A1203, on these and other 
Ni-base alloys.  Special emphasis i s  placed on the transient 
stages of A1 *03 formation and  growth. 
B )  The Formation and Growth of A1,0, Scales 
L d 
1)  Thermodynami cs 
When a Ni-base a l loy containing aluminum is  exposed t o  an a i r  
atmosphere a t  an oxidizing temperature, a number of d i f fe ren t  
oxidation reactions can take place. These are ;  
2A1 ( a l l oy )  + 3/2 O2 = A1203 [ I ?  
Ni ( a l l oy )  + 1 / 2  O2 = NiO [2?l 
when only Ni and A1 a r e  considered. According t o  Wagner and 
 allw work'^, these oxide phases can form as external scales  
having d i s t i n c t  phase boundaries, o r  as a mixed compound of  the 
two oxide phases according t o  the reaction:  
Ni ( a l l oy )  + 2A1 ( a l l oy )  + 202 = NiA1204 [ 3 1 
Kear e t  a l l 3  have described the i n i t i a l  oxidation stages of a 
Ni-15Cr-6A1 al loy.  The addit ion of chromium does not change 
the overall oxidation process b u t  a1 t e r s  the kinet ics  of 
obtaining an uniform A1203 scale .  Upon exposure t o  an oxidiz- 
ing atmosphere where the par t i a l  pressure of oxygen exceeds the 
dissocia t ion pressure of a l l  possible oxide phases of the 
metal 1 i c  system, oxide nuclei form on the surface of the metal 
(Figure l a ) .  For a Ni--A1 a l loy ,  NiO, WiA1204 and A1203 form, 
whereas Cr in the metal would a l so  induce formation of Ni(Cr, 
A1 l 2 O 4  and Cr203 The growth ra tes  of NiO and the spinels  are  
greater  t h a n  those of the  sesquioxides. Therefore, NiO a n d  
Ni (Cr, A1 )2C4 would grow and completely cover the metal surface 
(Figure l b ) .  Further nucleation and l a t e r a l  growth of the 
sesquioxides occurs a t  the metal-oxide in terface  unt i l  a 
complete layer  of A1203 forms (Figure l c ) .  Further growth of 
the e n t i r e  oxide layer a t  t h i s  stage i s  controlled by inward 
oxygen di f fus ion through the A1 203 layer.  
P e t t i t  -has developed the  concept re la ted  t o  the maximum amount 
of A1 in a Ni-A1 a l loy needed t o  form a complete healing layer 
of A1203 l4 The possible reactions t ha t  can take place on the 
a l loy  surface upon exposure t o  oxygen have been mentioned 
above. These reactions take place rapidly a t  the metal surface 
and a re  not an indication of overall equilibrium. Further 
growth of the oxides can be described by the combination of the 
above equations t o  give: 
3 NiA120q + 2 A1 (a l loy)  = 4 A1203 + 3 Ni ( a l l oy )  [41 
4 N i O  + 2 A1 ( a l l oy )  = NiA1204 + 3 Ni ( a l l oy )  [51 
r"---+-+- NiCr = A  Al =- 
+ NiO a) Cr203 
Figure 1 
Schematic representat ion of the i n i t i a l  s tages of oxidation on 
an Al 0 forming a l loy  upon a )  nucleation of a l l  oxide phases 
b )  fo&nztion of a complete oxide l ayer  and c )  formation of s 
healing l ayer  of Al 0 (Ref. 13) 2 3'  
The standard f r ee  energies of formation of the oxide phases are  
known and can be used t o  determine a c t i v i t y  r a t i o s  of the 
elements, f o r  both NiO and NiA1204 in equilibrium with the 
a l loy ,  by applying the mass-action law to  equations [4] and 
E l .  
where A G O  i s  the standard f ree  energy of formation and a*, , 
a ~ i  a re  the a c t i v i t i e s  of A1 and Ni respectively a t  the met- 
al  -oxide in terface .  For equation [4], 
and likewise for equation [5], 
the a c t i v i t y  r a t i o s  being proportional to  concentration r a t i o s .  
Calculations of a c t i v i t y  r a t i o s  a t  various temperatures a re  
tabulated in Table I .  Since 
the aluminum a c t i v i t y  can be approximated t o  be the square root 
of the aluminum ac t i v i t y  squared over the  nickel a c t i v i t y  
cubed, i . e . ,  t h e  a c t i v i t y  of nickel i s  approximately unity. 
The thermodynamically s t ab le  oxide phases of equations [4] and 
[5] depend upon the a c t i v i t y  r a t i o  given above. The a c t i v i t i e s  
a re  a l so  dependent upon the oxygen par t i a l  pressure, as can be 
surmised from equations [I], [ ? I ,  and [3]. Figure 2 shows t h i s  
f o r  the formation reactions of the oxide phases. A t  1000°C, an 
a1 uminum a c t i v i t y  of approximately 10-l7 corresponds t o  an 
equilibrium concentration of 1 ppm A1 a t  an oxygen par t i a l  
pressure of atmospheres. According t o  Figure 2 ,  A1 203 i s  
the most s t ab le  oxide phase a t  higher oxygen par t i a l  pressures 
and high A1 concentrations. The r e l a t i ve  s t a b i l i t y  of A1203 
increases with decreasing temperatures. I t  i s  a l so  evident 
t ha t  a t  atmospheric pressures, a l l  oxide phases can form, 


' j  Diffusion .-
A l a s t  consideration in the formation of a healing layer of 
A1,0, involves diffusional processes, and in pa.rticular, A! 
L d 
diffusion away from the reaction layer a t  the metal-oxide 
interface,  bo th  inward into the metallic bulk alloy and outward 
through the oxide scale. A c r i t i ca l  mole fraction of A1203 
must be exceeded in the al loy,  t o  permit the formation of an 
external scale. If i t  i s  n o t  present, internal oxidation will 
* 
occur. The c r i t i ca l  mole fract ion,  N , i s  given by: 
= c r i t i ca l  volume fraction (0.1-1.0) 
= stoichiometry factor  in MOy oxide 
N~~ = mole fraction of oxygen a t  the surface 
Eo = diffusion coefficient of cations in the oxide 
D~~ = alloy interdiffusion coefficient 
In alumina forming alloys,  the concentration of A1 i s  swffi- 
ciently high to  achieve a rapidly formed, uniform A1203 scale. 
Only a f t e r  the supply of A1 has been consumed by steady s t a t e  
oxidation or  by repeated scale reformation will the alloy n o t  
be able t o  provide a suff ic ient  A1 concentration t o  maintain a 
uniform scale. 
The cxidation and growth process i s  actually a  diffusion 
process since mobile species, ionic or electronic in nature, 
diffuse through the oxide scale to  react a t  the phase bound- 
ar ies  and form oxide. This applies in the urowth of an A1203 
scale in that  the overall oxidaticn rate  of an alumina forming 
alloy i s  dependent on the growth rate  of the A1203 healing 
layer,  once i t  has formed. 
Oxygen diffusion in A1203 has been found to occur primarily 
along grain boundaries. Studies o f  grain boundary diffusion in 
bulk A1203 by Oishi and ~ i n ~ e r y l ~  and also by ~ e d d ~ l ~  have 
indicated th i s .  180 t racer  studies were used to  determine the 
diffusion coefficient in the bulk and in grain boundaries as 
well as the activation energies. Studies of 180 t racer  d i f -  
fusion in A1203 scales were performed by Reddy, Smialek and 
cooper17 indicating that  1) growth of the oxide did occur via 
inward oxygen grain boundary diffusion and 2 )  dopant additions 
had an e f fec t  on outward A1 grain boundary diffusion related t c  
oxide growth within the scale. Their 180 t racer  study was 
supported by SEM micrographs of the oxide scales. Their 
finding that  A1203 scales grow by inward oxygen grain boundary 
6 diffusion agrees with P t  marker experiments . 
3) Oriented Transient Oxides 
Smialek studied A1203 scales on Y-doped and undoped NiCrAl 
alloys using transmission electron microscopy. l8 I n  his work, 
the morphological characteristics of the scales were related t o  
processes such as grain growth, void growth and overall oxida- 
tion rate .  Not only were mature, stable a-A1 203 scales 
studied, b u t  also the transient scales involving metastable 
forms of A1203 and other metal oxides were given consideration. 
The transient oxide scales had a preferred orientation whereas 
the mature a-A1203 scale had a random orientation. 
These findings were used t o  speculate on the possibil i ty of 
maintaining an oriented mature oxide scale to  decrease the 
overall growth rate.  Changing the misorientation between 
grains i n  metals i s  enough t o  cause drast ic  differences in the 
grain boundary diffusion coefficients.  l9 This same idea, when 
applied to A1203 scales,  would involve a decrease in the inward 
oxygen grain boundary diffusion through an oriented scale with 
low angle grain boundaries as opposed to the randomly oriented 
scale with high angle grain boundaries. 
The misorientation principle was tested experimental ly previous 
t o  Smialek's work. Khoi , Smel tzer  and Embury performed an 
oxidation study on single crystal nickel substrates. Differ- 
ent crystal faces of nickel were oxidized and the growth rates 
measured. The slowest growth rates were found t o  be associated 
w i t h  the oxide having the highest degree of preferred orien- 
tation as found by X-ray diffraction and transmission electron 
microscopy (TEM). The preferential oxide orientations involved 
alignment of the closest-packed-direction in the oxide and 
metal, the system thus having specif ic  orientation relation- 
ships. Excel lent  correlation between theory and experiment 
occurred when b o t h  l a t t i c e  and grain boundary diffusion and 
grain g rowth  rates c f  the oxide scales were taken into account. 
The growth rates of protective oxide scales are compared using 
the parabolic rate constant, k , given as: P 
where X i s  the oxide thickness and t the time. This equation 
s ta tes  that  the thickness of the oxide i s  proportional to  the 
square root of time. 
The growth rates  of oxide scales on Ni-A1 alloys vary with 
composition and temperature as shown i n  Figure 3. Pe t t i t  14  
found changes in mechanisms of oxidation for  some Ni-rich 
Figure 3 
Measured parabolic r a t e  constants f o r  the  growth of oxide on 
N i - A 1  a l loys  a t  various temperatures. 
a l l o y s ,  e s p e c i a l l y  a t  h i g h e r  tempera tu res  w a r  1200°C. 
~ ~ b i c k i ' l  f ound  changes i n  o x i d a t i o n  mechanisms o f  a  
s t o i c h i o m e t r i c  N i A l  a l l o y  a t  1000°C. These m e c h a n i s t i c  changes 
i n d i c a t e  a  t r e n d  f r o m  t r a n s i e n t  s tages  o f  o x i d a t i o n  t o  f i n a l  
o x i d a t i o n  s t a t e s .  A t  h i g h e r  tempera tu res  and l o n g e r  t i m e s ,  
changes from NiO, NiA1204 and A1203 t o  e x c l u s i v e l y  A1203 occu r .  
These changes i n v o l v e  t h e  a t t a i n m e n t  o f  a  comple te  e x t e r n a l  
l a y e r  o f  A1 203 as d e s c r i b e d  p r e v i o u s l y .  However, when A12C3 i s  
t h e  o n l y  s c a l e  p r e s e n t ,  changes i n  g rowth  r a t e s  can r e s u l t  f r o m  
t r a n s f o r m a t i o n s  of  t h e  a lum ina  s c a l e  from m e t a s t a b l e  t o  more 
s t a b l e  A1 203 phases. The m e t a s t a b l e  fo rms o f  A1 203 a r e  s p i n e l - l i k e  
i n  s t r u c t u r e  whereas u-AI20, i s  rhombohedra1 and resembles a 
J 
hexagonal  s t r u c t u r e .  When found  d u r i n g  t r a n s i e n t  s tages  o f  
o x i d a t i o n ,  t h e  m e t a s t a b l e  A120, phases u s u a l l y  have some 
J 
s p e c i f i c  o r i e n t a t i o n  . s m i a l e k Z 2  found  t h e  o x i d e  phases t o  
e x h i b i t  s p e c i f i c  o r i e n t a t i o n  r e l a t i o n s h i p s  w i t h  each o t h e r  
w h i l e  Koch and Romeo found  i n d i c a t i o n s  o f  p r e f e r r e d  o r i e n -  
2 3 t a t i o n  . F e l t o n  and F e t t i t  f ound  t h a t  t h e  m e t a s t a b l e  phases 
c o n s i s t e d  o f  v e r y  f i n e ,  h i g h l y  o r i e n t e d  o x i d e  c r y s t a l l i t e s .  24 
There i s  ev idence  of o r i e n t e d  &A1203 s c a l e s ,  b u t  as y e t  no de- 
t a i l e d  s t u d y  o f  p r e f e r r e d  o r i e n t a t i o n .  Hindam and Sme l t ze r  
found l a r g e  o r i e n t e d  a-A120g g r a i n s  on B-NiA1 separa ted  by 
boundar ies  o f  sma l l  p o l y c r y s t a l  1  i n e  a-A1 ,03. 25 R y b i c k i  a1 so 
found a similar structure on NiAl + Zr indicating some tendency 
2 1 for  oriented a-A1203 . Control of the transformation from 
the metastable form of A1 to  -A1 203 i s ,  therefore, 
c r i t i ca l  t o  obtaining a preferred oxide orientation. The 
2 6 transformation t o e  -A1203 involves a 14% decrease in volume , 
generating tens i le  stresses in the oxide. This transformation 
involves a rearrangement of atomic positions in the crystal 
l a t t i ce .  
The structure of a-A1203 i s  rhombohedra1 with space group RSC. 
The oxygen atoms are in a nearly hexagonal closed-packed array. 
The metastable phases of A1203 have various other crystal 
structures,  most of which are n o t  known unequivocally. A1203 
i s  well known to have many metastable phases and a thermo- 
dynamically stable a-Alp03 phase. The metastable phases, or 
transit ion aluminas as they are called, are products of the 
thermal decomposition of various forms of aluminum hydroxides 
such as gibbsi t e ,  boehmi t e ,  bayeri t e ,  and a1 1 iayeri t e .  27 The 
final product a t  high temperature i s  always 3-A1203. Figure 4 
i s  an i l lus t ra t ion  of the decomposition sequence of alumina 
hydroxides. The most common form of metastable A1203 i s  the 
gamma phase (v-A1203). I t  has a defect spinei structure as 
described by ~ e r w e ~ * ~  with the oxygen atoms in a cubic array. 

The transit ion aluminas can be obtained by a number of differ-  
ent processes, thermal oxidation being the one of interest .  
The oxidation of aluminum involves formation' of an amorphous 
aluminum oxide, then nucleation of crystal l ine y-A1203 29-33 
Dilute aluminum alloys also form Y-A1203, i n i t i a l l y .  34-36 ,qiA1 
alloys and NiCrAl alloys are no exception in that  early stages 
of oxidation involve formation of Y-A1203. 22'37 S-A1203 has 
been found in the oxidation study of ~ a m a n a r a ~ a n a n ~ ~  when moist 
a i r  was used as an oxidizing atmosphere. Felton and Pe t t i t  
found oriented &-A1 203 on Pt5Al  3. 24 Two other oxide phases, 
possibly transit ion aluminas, have been found in another 
13 
study . 
The present and future reliance upon A1203 as a protective 
scale for  high temperature materials has generated much re- 
search as can be attested by the l i te ra ture .  However, the 
complete understanding of mechanisms of oxidation involving 
diffusional growth, oxide adherence and the transformation to  
a-A1203 are f a r  from being accomplished. This study i s  intend- 
ed to  serve as a basis for  future work involving the lowering 
of growth rates of u-A1203 scales. I t  i s  believed that  slower 
growth rates will occur from a decrease in oxygen grain bounda- 
ry diffusion through low angle grain boundaries versus d i f -  
fusion along high angle grain boundaries, The low angle grain 
boundaries, or lack of grain boundaries, would result from a 
highly epitaxially oriented oxide scale. To obtain an 
epitaxial a-AlpOg scale, the transformation to the alpha 
alumina phase must not be associated with the orientation 
randomization of the new oxide grains, a phenomenon possibly 
dependent on metal and transient oxide orientations. 
The oxide phases, as well as the metal-oxide orientation 
relationships, are thus critical when predicting resultant 
a-A1 0 morphologies. The goals of this study are the deter- 2 3 
mination of the transient oxide phases formed on a NiAl + Zr 
alloy, along with the metal-oxide orientation relationships. 
This information is fundamental to the overall understanding of 
the oxidation of alumina forming alloys. 
11. Materials and Procedure 
A master ingot of nickel aluminide plus zirconium was purchased 
from TRW, Inc. Single crystals were to  be cast  using the 
selective grain growth process. I n  t h i s  process, the metal i s  
poured a t  the selected temperature into a mold onto a copper 
ch i l l  plate. The chi l l  plate i s  slowly lowered out of the hot 
zone a t  a controlled rate.  Theoretically, a helix in the mold 
a t  the copper chi l l  plate should prevent a l l  grains from 
growing, except for  t h a t  grain having the preferred growth 
orientation. This grain will survive the helical portion of 
the mold to  form single-crystal bars. Unfortunately, in most 
of the cast  bars, 2-3 grains survived the helix, solidifying 
only as a large-grained structure and not as single crystals.  
Chemical analysis of the bars i s  provided i n  Table 11. 
Oxidized specimens suitable for  transmission electron 
microscopy (TEM) observation were prepared by f i r s t  orienting 
large grains of the as-received metal to  the required di-  
rections using Laue X-ray diffraction. The metal was sliced 
into 1 mm thick sections, from which 3 mm discs were spark 
machined. The discs were mechanically ground to  a 600 g r i t  
f inish and polished with 3 micron diamond paste. Specimens 
were then electropolished in a 2:l  methanol t o  n i t r i c  acid 
solution a t  12V and 0°C. 
TABLE I1 
x 
Average concentration of NiAl + Zr 
Aluminum --- 29.35 w t %  
Nickel --- balance 
Zirconium--- 0.11 wt$ 
Oxygen --- 0.01 wt$ 
Carbon --- 16 PPm 
X 
Results supplied by National Spectrographic Laboratories, 
Schiller Industries, Inc., Cleveland, Ohio 
Oxida t ion  o f  t h e  specimens was performed a t  t h e  NASA Lewis 
Research Center i n  p reox id ized  FeCrAl cups i n  a i r  i n  a  labo-  
r a t o r y  furnace. Specimens were ox id i zed  f o r  0.1, 1.0, o r  10.0 
hours a t  a  te f iperature o f  800°C. F i n a l  p repara t ion  i nvo l ved  
removing t h e  ox ide f rom one s ide  o f  t h e  specimen w i t h  S i c  paper 
and back- th inn i  ng t o  t h e  metal -ox ide i n t e r f a c e .  The ox id i zed  
sur face  was p ro tec ted  by a  p iece  o f  polyurethane, w h i l e  t h e  
metal  was e lec t rochemica l l y  th inned away w i t h  a  2 :  1 methanol t o  
n i t r i c  a c i d  s o l u t i o n  a t  30V and -20°C. I n  most cases, a  
complete ox ide  l a y e r  remained a f t e r  t h e  metal  had been th inned 
away t o  form a  ho le  as depic ted i n  F igure 5. Specimens were 
observed a t  125 keV i n  a  P h i l l i p s  EM 400T t ransmiss ion e l e c t r o n  
microscope. 
To p r o p e r l y  determine t h e  o r i e n t a t i o n  r e l a t i o n s h i p s  between two 
phases us ing  e l e c t r o n  d i f f r a c t i o n ,  d i f f r a c t e d  i n t e n s i t i e s  
should be observed f rom both  phases, s imultaneously.  I n  some 
instances i n  t h i s  study, t he re  were i n s u f f i c i e n t  t h i n  areas i n  
t h e  metal  and ox ide  d i f f r a c t e d  i n t e n s i t i e s  were absorbed by 
t h i c k e r  metal  regions. When t h i n  metal  areas were obtained, 
they  were o f t e n  deformed i n  r e l a t i o n  t o  t h e  b u l k  specimen s ince  
st resses induced by t h e  o x i d a t i o n  process were s u f f i c i e n t  t o  
cause gross deformation o f  t h e  t h i n  metal  area. I n  these 
cases, t h e  metal  and ox ide o r i e n t a t i o n s  were determined sepa- 
OXIDE-METAL INTERFACE 
AS OBSERVED IN THE MICROSCOPE 
Figure 5 
Schematic of a th in  f o i l  TEM specimen a f t e r  backthinning t o  
reveal oxide plus th in  metal area. 
rately.  Metal orientations were determined using the Kikuchi 
map of the metal specimen obtained by removing the selector 
aperture, focusing the condenser lens and moving to a thick 
region where the map no longer moves when translating the 
specimen. Oxide orientations were determined using a large 
selector aperture and t i 1  t ing to  various zone axes. For both 
metal and oxide, t h i s  procedure was performed on as many 
stereographic triangles as possible near the center of the 
stereographic projection. The projections for  both metal and 
oxide were plotted then superimposed to  determine the orien- 
tation relationships. 
111. Resu l ts  
The data i n  i t s  e n t i r e t y  were ob ta ined  on a  P h i l i p s  EM 400T 
e l e c t r o n  microscope w i t h  X-ray a n a l y t i c a l  capabi 1  i t i e s .  The 
r e s u l t s ,  t he re fo re ,  i n c l u d e  ma in l y  e l e c t r o n  d i f f r a c t i o n  p a t -  
t e r n s  and t h e i r  analyses, b r i g h t  and dark f i e l d  images o f  t h e  
meta l -ox ide  specimens and images f rom o t h e r  microscopy tech-  
n iques such as h i g h  r e s o l u t i o n  e l e c t r o n  microscopy and 24 D 
imaging. Var ious camera cons tan ts  were used t o  s i m p l i f y  t h e  
p resen ta t i on  of t h e  e l e c t r o n  d i f f r a c t i o n  pa t t e rns .  The chemi- 
c a l  composi t ion da ta  f rom Energy D i spe rs i ve  Spectroscopy (EDS) 
w i l l  o n l y  be presented i n  s e m i q u a n t i t a t i v e  terms. 
The da ta  w i l l  be presented i n  a  meta l  o r i e n t a t i o n - t i m e -  
temperature sequence. The meta l  o r i e n t a t i o n s  used were (001) , 
(012),  ( O l l ) ,  and (111). The specimens were o x i d i z e d  i n  a i r  
f o r  0.1 hr., 1.0 hr., and 10.0 h r .  a t  800°C. An (001) f o i l  was 
a l s o  o x i d i z e d  a t  1100°C f o r  0.1 h r .  w i t h  an e l e c t r o p o l i s h e d  
o x i d a t i o n  surface t o  observe t h e  e f f e c t s  o f  specimen su r face  
p r e p a r a t i o n  and temperature.  
A )  Metal  S t r u c t u r e  - Unoxid ized 
p N i A 1  i s  an ordered B2 s t r u c t u r e  c o n s i s t i n g  o f  i n t e r p e n e t r a t -  
i n g  s imple-cubic  l a t t i c e s  o f  N i  and A l ,  t he  bas i s  be ing  0,0,0 
and f,3,3. All reflections of the simple cubic l a t t i c e  can 
occur because of structure factor considerations. The primary 
reason for  observing an unoxidized metal specimen was to  
characterize the metal substrate prior to  oxidation. One 
surface was electropolished so that  i t  was representative of 
the pre-oxidized surface condition, The specimen was then 
back-thinned from the opposite side so that  the electropolished 
surface and the region direct ly  beneath i t  could be observed in 
the electron microscope. 
The micrographs in Figure 6 are typical metal structures imaged 
under two different  diffract ing conditions. No grain bound- 
a r ies  are present since the specimens are single crystals .  The 
main features are  dislocations and stacking f au l t s  extending 
approximately 0.2 urnfrom the electropolished surface into the 
bulk. The dislocations, in general, are inclined to  the speci- 
men surface as evidenced by thickness fringes along the dislo- 
cation l ines.  Some dislocations are  dissociated as can be 
clear ly seen by the weak beam dark f i e ld  image of Figure 7. 
These are actually superdislocaticns w i t h  the region i n  between 
the dislocation 1 ines being faulted. 39 These superdi s l  ocations 
are  common to  metals having the B2 structure.  
Figure 6 
Bright f i e l d  images of 6-NiA1 ( f3) near an unoxidized metal surface. The images show disloca- 
t i o n s ( ~ )  and stacking f a u l t s ( S F )  f o r  d i f f r a c t i o n  vectors of a )  ( 2 0 0 ) ~  and b )  ( 1 1 0 ) ~  
Figure 7 
Weak-bean'dark field image showing superdislocations in an 
unoxidized specimen. 
The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  i n  F i gu re  8 was taken a t  0" 
t i 1  t. The [012] meta l  d i r e c t i o n  i s  thus  p a r a l l e l  w i t h  t h e  beam 
d i r e c t i o n  as i n d i c a t e d  by  t h e  accompanying a n a l y s i s .  The 
s t r e a k i n g  occurs  a long  (110) d i r e c t i o n s  and i s  p o s s i b l y  due t o  
t he  p r e m a r t e n s i t i c  t rans fo rmat ion  r e l a t e d  t o  t h i s  m a t e r i a l  as 
descr ibed  by  ~ i u . l O  The e x t r a  spo ts  a t  & ( l o o ) ,  & ( 0 2 i )  and 
& ( 1 2 i )  a re  t h e  r e s u l t  o f  d e f e c t  o r d e r i n g  i n  t h e  8-NiAl. A t  t he  
s t o i c h i o m e t r i c  composi t ion,  a l l  l a t t i c e  s i t e s  a re  occupied by 
Ni  and A1 atoms on t h e i r  r e s p e c t i v e  s u b l a t t i c e s .  I n  N i - r i c h  
B-N iA1,  t h e  e x t r a  N i  atoms a r e  accommodated by  vacancies on t h e  
A1 l a t t i c e  p o s i t i o n s .  When t h e  composi t ion of t h e  a l l o y  i s  
A l - r i c h ,  aluminum atoms a re  s u b s t i t u t i o n a l  s o l u t e s  and w i l l  be 
i nco rpo ra ted  i n t o  t h e  n i c k e l  s u b l a t t i c e .  Some long-range 
o r d e r i n g  assoc ia ted  w i t h  non -s to i ch i ome t r i c  d e f e c t s  must then  
be occu r r i ng .  S i m i l a r  e x t r a  r e f l e c t i o n s  a re  e v i d e n t  i n  t h e  
d i f f r a c t i o n  p a t t e r n s  o f  F i gu re  9, where e x t r a  spo ts  a r e  n o t i c e d  
a t  $ ( l o o ) ,  f (110),  +(021),  f (121)  and a(111) .  
As can be seen f rom t h e  images and d i f f r a c t i o n  pa t t e rns ,  no 
evidence o f  any ox i de  phases cou ld  be found. However, an ox ide  
f i l m  m igh t  be t o o  t h i n  t o  de tec t .  The p o s s i b i l i t y  o f  an a i r  
formed ox i de  o r  an anodic  f i l m  formed by e l e c t r o p o l i s h i n g  
e x i s t i n g  on t h e  su r f ace  p r i o r  t o  o x i d a t i o n  t rea tments  was 
ano ther  reason f o r  s t udy ing  unox id i zed  meta l .  

e x t r a  r e f l e c t i o n s  
a 
Di f f rac t ion  p a t t e r n s  of B - N i A 1  showing ex t ra  r e f l e c t i o n s  due t o  long-range ordering.  The 
p a t t e r n  in a )  is an [ ~ l l l  zone while the pa t t e rns  i n  b )  and c )  a r e  two-beam condit ions from 
an [I121B zone and a roo19 zone, respect ive ly .  8 
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B )  (001) Metal Orientation - Oxidized 
1)  0.1 hours, 800°C 
Emphasis will be placed on the description of the resul ts  from 
(001) oxidized metal specimens since many of the features found 
for  th i s  metal orientation are character is t ic  of a l l  metal 
orientations. References to  the (001) metal orientation will 
frequently be used. 
The oxide that  formed under the above conditions was thin 
enough to be transparent to 120 keV electrons. The metal, 
. 
however, was electron transparent only to  a f i n i t e  distance in 
from the hole formed by back-thinni ng. When observing the 
metal, i t  must be realized that  oxide was always present on one 
surface. The higher electron absorption of the metal prevented 
the oxide layer from being observed when in thick metal 
regions. Near the specimen hole where both oxide and thin 
metal are located, both the metal and oxide layer could be 
studied simultaneously. Figure 10 i s  a BF image of the oxide 
and metal + oxide areas of a specimen. The oxide i s  relatively 
uniform in thickness whereas the metal becomes progressively 
thicker towards the bulk. Figure 11 i s  the corresponding 
selected area diffraction pattern (SAD) taken from a thin metal 
Bright f i e l d  i m g e  of an oxide and oxide p lus  metal in te r face  
f o r  an (001),  0 .1  hour, 800 '~  specimen. 

r e g i o n  where bo th  metal  and ox ide  d i f f r a c t e d  i n t e n s i t i e s  a r e  
t r ansm i t t ed .  
The p roper  a n a l y s i s  of e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  a l l ows  t h e  
phases and o r i e n t a t i o n s  of t h e  phases t o  be i d e n t i f i e d .  Both 
metal  and ox ide  r e f l e c t i o n s  a r e  p resen t  i n  F igure  11 and 
indexed as shown i n  t h e  accompanying schematic. Th is  SAD was 
taken a t  0" t i 1  t of t h e  specimen stage. Both metal  and ox ide  
a re  w i t h i n  lo o f hav ing  t h e i r  [ O O l ]  d i r e c t i o n  l y i n g  perpendicu- 
l a r  t o  t h e  o x i d a t i o n  p lane  and p a r a l l e l  t o  t he  e l e c t r o n  beam 
d i r e c t i o n .  Th is  would i n d i c a t e  t h a t  t h e  metal  specimen, 
o r i e n t e d  by t h e  Laue X-ray d i f f r a c t i o n  technique, was o r i e n t e d  
so t h a t  i t s  su r face  was n o t  e x a c t l y  t h e  (001) p lane  b u t  s l i g h t -  
l y  angled f rom the  exac:t o r i e n t a t i o n .  The K ikuch i  cen te r  f o r  
an [ O O l ]  metal  zone (F igure  12) taken i n  a  t h i c k e r  metal  r e g i o n  
was found t o  be 1.25" away from t h e  0" t i l t  cond i t i on .  
Exact metal  -ox ide o r i e n t a t i o n s  cou ld  n o t  be determined s imp ly  
by t a k i n g  separate SAD'S of t h i n  areas of bo th  phases because 
these areas f r equen t l y  con ta ined  bend contours.  A b i a x i a l  
t e n s i l e  s t r e s s  i s  developed a t  t h e  metal  i n t e r f a c e  upon ox ida-  
t i o n  because t h e  P i f l i ng -Bedwor th  r a t i o  of t h e  ox ide  i s  g r e a t e r  
than u n i t y .  Upon back th i nn ing  t h e  metal  away, t h e  s t r e s s  a t  
t he  i n t e r f a c e  becomes l a r g e  enough t o  cause gross deformat ion 
i n  bo th  t h e  metal  and t h e  oxide. F igure  13 i s  a BF image of 
Figure 1 2  
Exact [0011 Kikuchi center  of B-NiA1; 1.25' tilt from the  as-  
oxidized plane.  
C----------l 
Figure 13 5 p m  
High voltage e lec t ron micrograph of th icke r  n e t a l  regions 
showing bend contours i n  an (00i) specimen oxidized f o r  10.0 
hours a t  800'~. 
the thicker regions of metal from a specimen oxidized for  10.0 
hours. This micrograph was taken on a high voltage electron 
microscope* which enabled the thicker metal regions to  be 
observed. The bend contours are seen to  extend f a r  into the 
bulk metal. Specimens oxidized for  shorter times should not 
have as much deformation, b u t  in thin regions the effect  i s  
enough to prevent exact determination of oxide and metal orien- 
tations.  Kikuchi maps of thicker,  less  deformed metal regions 
were then used to  determine the precise metal orientations. 
Oxide orientations had t o  be  determined separately because 
diffracted intensi t ies  from the oxide were absorbed by the 
thicker metal. 
The same d i f f i cu l t i e s  occurred when determining the exact 
orientation of t h i n  oxide layers. Figure 14 i s  a BF-DF pair 
w i t h  the corresponding SAD of the area niarked w i t h  the dark 
arrow. All l igh t  regions of the DF image have the same [001] 
orientation while the orientation of darker regions varies u p  
to  18". A selected area diffraction pattern from one of the 
misoriented regions i s  given in Figure 15 and shows that the 
orientation i s  near an [013] zone. Figure 15 also contains the 
*Argonne National Laboratories, Kratos/AEI - EM7 
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Figure 1 5  
Selected area d i f f r ac t i on  pa t t e rn  of a bent region i n  Figure 14 
showing a near LO131 oxide zone. The stereographic project ion 
shows the  o r ien ta t ions  of the  metal, the  unbent oxide regions 
and the  bent oxide regions. The t r an s l a t i on  from the unbent 
t o  bent oxide stereographic ' t r iangles  i s  indicated /with arrows. 
stereographic projections of extreme regions along an oxide 
bend contour showing the orientation change. 
Exact oxide orientations,  indicative of the true oxide orien- 
tation prior to  back t h i n n i n g ,  were obtained by finding a  
reasonably uniform region of oxide, devoid of bend contours, 
that  was consistent w i t h  the resul ts  found on other (001) 
specimens. The r e a l i z a t i o ~  that  deviations in oxide 
orientations on an (001) metal orientation for  short oxidation 
times are  jus t  bend con-tours greatly fac i l i ta ted  the 
metal-oxide orientation determination. 
If certain crystal 1 ographic planes and directions of the oxide 
tend to  align with particular planes and directions i n  the 
metal upon nucleation and growth, the oxide i s  said to  have an 
orientation relationship w i t h  the metal. The preferred orien- 
tation between the metal and oxide i s  a  resul t  of epitaxial  
growth. The orientation relationships are described by paral- 
l e l  planes and parallel directions or se ts  of parallel di-  
rections i n  the parallel  planes. In t h i s  study, the parallel 
planes are  always the plane of oxidation. The orientation 
relationship found for  the metal and oxide on an (001) oriented 
metal i s :  
This  o r i e n t a t i o n  r e l a t i o n s h i p  i s  dep i c ted  i n  F igure  16 w i t h  
s te reograph ic  p r o j e c t i o n s  o f  t h e  metal  and ox ide.  As can be 
seen, t he  (001) ox ide  and metal  planes a r e  a l i g n e d  a t  t h e  
cen te r  of t h e  p r o j e c t i o n  b u t  t h e  ox ide  p r o j e c t i o n  i s  r o t a t e d  
45' about t h e  [001] d i r e c t i o n .  Th is  same o r i e n t a t i o n  r e l a t i o n -  
s h i p  need o n l y  be descr ibed  w i t h  one o f  t h e  s te reograph ic  
t r i a n g l e s  f rom each o f  t h e  metal  and ox ide  phases. The o r i e n -  
t a t i o n  r e l a t i o n s h i p  mentioned above i s  commonly known as t h e  
Bain r e l a t i o n s h i p ,  a  c l a s s i c a l  o r i e n t a t i o n  r e l a t i o n s h i p  found 
between face-centered cub i c  and body-centered cub i c  m a t e r i a l s .  
The e l e c t r o n  d i f f r a c t i o n  p a t t e r n  o f  F igure  11 i s  aga in  p resen t -  
ed i n  F igu re  17 b u t  w i t h  a  more d e t a i l e d  and complete ana l ys i s .  
E lec t ron  d i f f r a c t i o n  i s  a  convenient  technique f o r  de te rmin ing  
o r i e n t a t i o n  r e l a t i o n s h i p s  and phases present ,  as w i  11 be 
discussed w i t h  re fe rence  t o  t h i s  f i g u r e .  The ac tua l  metal  and 
ox ide  phases p resen t  a r e  determined by c a l c u l a t i n g  d-spacings 
o f  t h e  r e f l e c t i o n s  f rom t h e  equat ion:  
Figure 16 
The Bain o r ien ta t ion  re la t ionsh ip  represented by stereographic 
project ions  of the metal and oxide phases. 
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Figure 17 
Diff ract ion pa t t e rn  of Figure 11 showing r e f l e c t i ons  from 
metal and two oxide phases. The enlarged i n s e t  shows r e f l e c -  
t ions  from B-NiA1,  NiAl 0 and 6-A1 0 2 4 2 3'  Zone axis : near [00119, ?err [OOl] 
s ,  6' 
L = Rd 
R = distance from the central spot 
A = wavelength 
L = camera length 
A L  = camera constant 
The definit ion of d-spacing for  a cubic crystal i s  given by: 
where a, i s  the l a t t i c e  constant of the material and h,k,l are 
the Miller indices of that  particular reflection. If the 
camera constant for  a particular SAD i s  known, a l l  reflections 
should in practice have a unique h,k,l assigned to  them. 
Fortunately the metal phase, B-NiA1, acts as a reference from 
which the camera constant can be determined within I%, usually. 
The l a t t i c e  constant of th i s  B-NiA1 material was determined to  
0 
be 2.882 A using X-ray diffraction. 
The oxide was found to  be NiA1204, Y-AlpOg or  a mixture of 
these two. Both NiA1204 and Y-A1 20g have spinel type struc- 
0 0 
tures  with l a t t i c e  constants of 8.048 A and 7.908 A,  respec- 
4 1 t ively . The published d-spacings for  these oxide phases are 
tabulated in Appendix A. The l a t t i c e  constants are only 1..8% 
apart thus making i t  d i f f i cu l t  to  distinguish between the two 
phases. A rare situation where the two phases are distinguish- 
able i s  near the (330)B-NiA1 reflection enlarged in the inset 
of Figure 17. Two dis t inc t  reflections outside the metal spot 
can be seen, the inner one corresponding t o  the (0.12.0)NiA1204 
reflection and the outer one to  the (0 e l 2  -0) y -A1 *03 
reflection. The measured spacings are within 1% of the 
published values. 
The parallel  planes of the metal-oxide orientation relationship 
are taken to  be the planes corresponding to  the zone axes a t  0" 
t i l t  or actually,  the chosen metal plane very near 0" t i l t .  In 
the present case, the metal and oxide [ O O l ]  zone axes are 
paral le l .  The parallel directions in these planes can be 
identified by the alignment of the reflections fo r  the phases 
of interest .  These parallel  directions are shown in the 
schematic of Figure 17 and  correspond with the Bain relation- 
ship. 
The spinel structure has a face-centered cubic arrangement of 
atoms in the sublat t ices  resulting in the normal allowed 
reflections fo r  FCC materials in the diffraction patterns of 
the oxide. Extra reflections are present i n  Figure 17 along 
the (100) oxide directions. They are n o t  associated with the 
[ O O l ]  zone b u t  are  rather,  higher order Laue zone reflections 
resulting from relrod intersections of the f i r s t  Laue zone with 
the Ewald sphere. The relrods resul t  from the thin oxide layer 
with the reflections being (3111, (5111, etc.  A detailed 
explanation fo r  the spacings and locations of the relrod 
reflections i s  given in Appendix B. 
Additional relevant information from electron diffraction of 
the oxide i s  shown in the SAD's of Figure 18 and 19. Evidence 
of (2001 reflections i s  seen in the SAD of an [001] oxide zone 
indicating the possibi l i ty  that  the NiA1204 spinel phase has 
the space group ~q3m instead of Fd3m according to  Heuer and 
 itche ell^^ and The diffuse intensity as outlined in 
the accompanying schematics i s  indicative of the onset of 
6-A1203 formation. The structure of 8-A1 203 i s  similar to  
y-AlpOg in that  both have defective spinel-type structures b u t  
6-AlZO3 i s  tetragonal w i t h  a c/a r a t io  approximately equal t o  
0 
three. 27 I t s  a, value of 7.943 A i s  less  than one-half 
percent larger than that  of y-AlpOg. A more detailed look into 
6-A1203 will be given in the discussion. Figure 19 contains 
SAD's of a near [loll oxide zone and a [1 i2 ]  oxide zone. In 
the [loll zone, extra reflections are noticed alongside the 
I d ,  
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Figure 19 
Diff ract ion pa t t e rns  of 0 . 1  hour, 80O0~ oxide from an 
specimen t i l t e d  t o  a )  near an [ i ~ l l  zone and b) a hi.2 
Reflections corresponding t o  &-A1 0 a r e  indicated.  
2 3 
(001) 
11 zone. 
12201 r e f l e c t i o n s .  These eventual  l y  become t h e  {2231 &-A1 203 
r e f l e c t i o n s  when o n l y  3-A1203 i s  observed. The e x t r a  
r e f l e c t i o n s  a r e  n o t  p r o p e r l y  spaced a t  t he  12231 6-A1203 
p o s i t i o n  i n d i c a t i n g  a p o s s i b l e  t r a n s i t i o n  between y-A1203 and 
6-A1 203. Another p o s s i b i l i t y  i s  t h a t  besides NiA1204, t h e  
o t h e r  ox ide  phase i s  a l e s s  developed fo rm o f  6-A1 203. The 
presence o f  6-Al2O3 i n  t h e  [ l i 2 ]  ox ide  zone i s  e v i d e n t  w i t h  
r e f l e c t i o n s  a t  3 {220) spacings. 
The chemical composi t ion o f  j u s t  t h e  ox ide  l a y e r  was determined 
us ing  t he  X-ray energy d i s p e r s i v e  apparatus o f  t h e  e l e c t r o n  
microscope. R e l a t i v e  amounts o f  A1 and Ni,  as measured, do n o t  
correspond w i t h  any s t o i c h i o m e t r i c  ox ide,  however. The A1/Ni 
r a t i o  f o r  t h i s  ox i de  was 1.34. Th is  va lue  does n o t  correspond 
w e l l  w i t h  e l e c t r o n  d i f f r a c t i o n  r e s u l t s .  According t o  
d i f f r a c t i o n  p a t t e r n  analyses, o n l y  NiA1 204 and A1 203 ( o r  6) 
were p resen t  i n  t h e  ox ide  l a y e r .  The expected minimum A l /N i  
r a t i o  would be 2.0 which would occur  if o n l y  NiA120q was 
present .  Since A1203 i s  a component o f  t h e  ox ide  l a y e r ,  t he  
A1/Ni r a t i o  should be l a r g e r  than  2.0. Th is  d iscrepancy cou ld  
a r i s e  f rom n i c k e l  f luorescence o f  aluminum x-rays. 
The m i c r o s t r u c t u r e  o f  t h e  ox ide  l a y e r  i s  shown i n  F igure  20. 
The BF image shows a un i form l a y e r  w i t h  a change i n  c o n t r a s t  
Figure 20a) 
Microstructure of the  oxide l ayer  on an (001) ,  0 . 1  hour, 800 '~  
specimen. a )  Bright f i e l d  image shows cubical  voids, bend 
contours and some poros i ty .  
I I 
Figure 20b) .05 pm 
Dark f i e l d  image of a )  helps t o  del ineate  individual  oxide 
c r y s t a l l i t e s .  The i n s e t  i s  a n  SAD of t h e  oxide indicat ing a 
uniform or ien ta t ion  of the  area  not  included i n  the  bend 
contour. 
r e s u l t i n g  f rom a very m i l d  bend contour.  Impr in ts  o f  cub ica l  
vo ids from the  metal subs t ra te  are  s t i l l  ev ident .  The s i n g l e  
c r y s t a l  e l e c t r o n  d i f f r a c t i o n  p a t t e r n  i nd i ca tes  the  o r i e n t a t i o n  
o f  t he  ox ide  l a y e r  t o  be uniform. The w id th  o f  t he  d i f f r a c t i o n  
spots i s  a  measure of the  amount of m iso r ien ta t i on  of t he  small 
c r ys ta l !  i t e s  comprising the  ox ide l aye r .  The DF image a l lows 
the  i n d i v i d u a l  c r y s t a l l i t e s  of oxide t o  be d is t ingu ished.  The 
c r y s t a l l i t e  s izes  range form 5 t o  20 nm. 
The combined metal p lus  ox ide m ic ros t ruc tu re  i s  shown i n  the  DF 
image o f  F igure 21. The in te r face  between oxide alone and 
metal p lus  ox ide i s  ind ica ted .  I n  t h i s  t h i n  metal reg ion  where 
both oxide and metal a re  present, the  i n t e r e s t i n g  fea tures  are  
the  cub ica l  vo ids and t h e  l a r g e  number o f  f r i nges .  The cub ica l  
vo ids r e s u l t  from o x i d a t i o n  induced vacancies coalesc ing along 
h igh  energy surfaces.45 The edges of the  voids are  along the  
(100) metal d i rec t i ons .  The voids can be seen t o  be pyramidal 
i n  nature; therefore, t h e i r  faces would be I1101 planes. This 
agrees w i t h  r e s u l t s  by Smialek i n  an SEM study o f  ox id i zed  
B - N ~ A I .  4 5 
The f r i n g e s  r e s u l t  from a  phase d i f ference between the  e l e c t r o n  
wave func t i ons  of t he  metal and oxide, and are  c a l l e d  Moire 
f r i nges .  A geometr ical  analogue f o r  Moire f r i n g e  format ion i s  
oxide 1 metal + oxide 
g =(r?OO)o%( I I O)m t - 5 0  nrn 
Figure 21 
Dark f i e l d  image of t h e  oxide and metal  p l u s  oxide r eg ions .  
Cubical voids and Moire f r i n g e s  a r e  t he  main f e a t u r e s .  
presented in Figure 22. There are two ways Moire fringes can 
form which resul t  in parallel Moire fringes,  rotational Moire 
fringes or combinations of the two. Rotational Moire fringes 
are caused when two crystals ,  having the same l a t t i c e  spacing 
and s t ructure,  overlap and are rotated relat ive to  each other. 
The fringe spacing, D r y  i s  given by: 
where g = l / d  = the reciprocal l a t t i c e  vector with dimensions 
of (length)-'; a = the rotation angle in radians. The fringes 
are parallel to  the change i n  g-vectors of the two l a t t i ces .  
Parallel Moire fringes are formed when two crystals  having 
different  l a t t i c e  spacings overlap, the g-vectors being of 
different  length b u t  the same direction. Figure 21 shows tha t  
the Moire fringes i n  t h i s  case r u n  perpendicular to  the 
g-vector difference. The spacing of para1 le l  Moi re fringes , 
D p ,  i s  given by: 
The Moire fringes i n  Figure 23 resul t  from the difference in 
spacing of the (110) 6 -NiAl reflection and the (400) reflection 

Figure 23 
Another reg ion  of metal  p lus  oxide showing Moire f r i n g e s  i n  a 
b r i g h t  f i e l d  image. The f r i n g e s  r e s u l t  from i n t e r f e r e n c e  of t he  
( 'lo 'metal and ( 400 )oxide r e f l e c t i o n s  of F igure  11. 
from NiA1 *04, 6-A1203, and/or Y-A1203. There i s  also some 
s l ight  rotation of the fringes which i s  caused by thickness 
variations of the oxide c rys t a l l i t e s  and by the rotational 
Moire e f fec t  from the defini te  width of the oxide reflection. 
The Moire fringe spacing for  combined parallel and rotational 
fringes , D p - r  , i s  g-iven as: 46 
The Moire fringe spacings of Figure 23 range between 3 n m  and 
8 nm wide. This corresponds well with the calculated parallel 
Moire fringe spacing from the (110) 3-NiA1 and (400) 
u-A1203 reflections of 6.6 nm. The general direction of the 
fringes l i e s  perpendicular t o  the g-vectors of the more intense 
reflections in Figure 1 7 ,  giving another indication for  paral- 
le l  Moire fringes. 
Moire fringes are s t i l l  observed over thicker metal regions as 
shown in Figure 24, indicating the presence of an oxide layer. 
However, a  high density of dislocations, arrayed in a  network 
fashion, i s  also observed. The dislocations l i e  along (100) 
directions primarily, a  common s l i p  direction in alloys with 
the 82 s t r ~ c t u r e . ~ '  These dislocations clearly resul t  from the 
effects  of an oxide layer as evidenced by comparing the unox- 
Figure 24 0.25 u r n  
Bright f i e l d  image of th icker  metal. from a n  (001) ,  0 .1  hour, 
800 C specimen. In terface  dis locat ion networks and Moire 
f r inges  a r e  evident .  
idized metal of Figure 6 with Figure 24. The extreme length of 
the dislocation l ines  indicate that  they l i e  in a plane paral- 
le l  to  the surface. This same type of dislocation network has 
been found fo r  NiCrAl alloys and was believed to  be a network 
of edge dislocations resulting from a biaxial s t r e s s  i n  the 
metal a t  the metal -oxide interface. 18 
2 )  1.0 hours, 800°C 
A BF image of the oxide and metal plus oxide interface i s  shown 
i n  Figure 25. Similar features as in the 0.1 hour condition 
can be recognized. Moire fringes,  approximately 2.5 nm wide, 
occur where both oxide and metal overlap. The oxide has 
thickened relat ive to  the 0.1 hour condition and can now be 
delineated from the metal where they overlap. Individual oxide 
c rys t a l l i t e s  approximately 10-30 nm in diameter can be re- 
solved. 
The corresponding SAD in Figure 26 shows a Bain type orien- 
tation relationship similar to  that  found in the 0.1 hour case. 
However, a def ini te  change in oxide structure has occurred. 
The extra reflections a t  1/3 (400) spacings are an indication 
of a-A1 *03 These superlat t ice  reflections occur because the 
c/a r a t io  of tetragonal 6-A1203 i s  approximately equal to  
oxide I metal + oxide 
I 5 0  nm 
Figure 25 
Bright f i e l d  image of an oxide and metal plus oxide region from 
0 an (001) specimen oxidized f o r  1 . 0  hours a t  800 C .  Moire 
f r inges  can be observed where both oxide and metal a re  present .  
AP-NiAI (B)  
ONiA1204(s ) 
Orelrod r e f l c c t  ions 
+s-A1,0,(6) 
Y - A ' ? ~ ~  (Y) 
Figure 26 
Selec ted  area  d i f f r a c t i o n  p a t t e r n  from a  metal plus oxide region on an (001), 1 .0  hour, 8 0 0 ~ ~  
specimen. 6-A1 0  is  now evident  from the  1/3( 400) oxide re f l ec t ions .  Zone a x i s  : near [001] 
near LOO11 
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three.  Only one v a r i a n t  i s  obvious i n  the  d i f f r a c t i o n  p a t t e r n  
b u t  t h i s  can be due t o  being s l i g h t l y  o f f  the  zone ax is .  The 
occurrence o f  these r e f 1  ec t ions  i nd i ca tes  t h a t  t he  [ O O l ]  
d i r e c t i o n s  o f  6-A1 1 i e  i n  t he  plane of ox ida t ion .  
Therefore, t he  o r i e n t a t i o n  r e l a t i o n s h i p  might  now be w r i t t e n  
t o  i n c l  ude 6-A1 *03 as : 
The d i s t i n c t  r i n g s  i n  t he  d i f f r a c t i o n  p a t t e r n  correspond t o  
randomly o r i en ted  Y-A120j. X-ray ana lys i s  o f  the  ox ide i n -  
d i ca ted  the  presence o f  l e s s  than 1% o f  C r ,  S i ,  Cu, and Fe as 
impur i t i es .  These i m p u r i t y  l e v e l s  a re  g rea te r  than what was 
normal ly  found i n  most oxide scales. The i m p u r i t i e s  might be 
responsib le f o r  t he  format ion o f  t he  randomly o r i en ted  oxide. 
A  very good i n d i c a t i o n  t h a t  NiA1204 i s  s t i l l  present i s  shown 
by the  mu1 t i p l e  r e f l e c t i o n s  near t he  (400) B-NiA1 spot. The 
middle r e f l e c t i o n  i s  from NiA1204 and the  ou te r  r e f l e c t i o n  i s  
from 6-A1203 and poss ib l y  v-A1203. Another v a r i a n t  o f  6-A1 0  2  3  
w i t h  the  [001] d i r e c t i o n  perpendicular  t o  t he  ox ida t i on  plane 
cou ld  r e s u l t  i~ {110} & A l 2 O 3  r e f l e c t i o n s  j u s t  i n s i d e  o f  t he  
{103}6-A1203 r e f l e c t i o n s .  The d-spacings f o r  these two 
r e f l e c t i o n s  a r e  o n l y  about 0.7% d i f f e r e n t .  
The A l /N i  r a t i o  f o r  t h i s  ox ide  was measured t o  be 3.08. Th is  
corresponds t o  an inc rease  i n  A120, fo rmat ion  over  t h e  0.1 hour  
J 
cond i t i on .  The e l e c t r o n  d i f f r a c t i o n  data a l s o  represents  an 
increased A1203 f o rma t i on  over  NiA1204 i n  regards t o  i n t e n -  
s i t i e s  and t h e  presence o f  bo th  t h e  gamma and d e l t a  forms o f  
A1203. (Summaries o f  ox ide  phases and Al/N-i r a t i o s  f o r  a l l  
metal  o r i e n t a t i o n s  and o x i d i z i n g  c o n d i t i o n s  a r e  presented i n  
Table V I  and Table V I I ,  r e s p e c t i v e l y ) .  
3 )  10.0 hours, 800°C 
With i nc reas ing  o x i d a t i o n  t ime,  a-A1203 becomes t h e  predominate 
ox ide  phase. A d i f f r a c t i o n  p a t t e r n  of an [ O O l ]  ox ide  zone i s  
shown i n  F igure  27 and i s  i n d i c a t i v e  o f  t h e  e n t i r e  ox ide  l a y e r .  
Th is  SAD was taken a t  a  t i l t  of l e s s  than 2". 
F i gu re  28 shows an area o f  bo th  meta l  and ox ide  w i t h  t h e  co r re -  
sponding SAD. The ox ide  i s  so t h i c k  t h a t  an i n t e r f a c e  between 
metal  p l u s  ox ide  and ox ide  a lone cannot c l e a r l y  be def ined.  

Figure 28a)  C------l 0.5 pm 
Bright  f i e l d  image of an oxide and metal  p l u s  oxide reg ion  from 
an (001) ,  10 .0  hour, 8 ~ 0 ' ~  specimen. The oxide j.s t o o  t h i c k  
t o  determine t h e  exac t  oxide a d  meta l  p l u s  oxide i n t e r f a c e .  

Remnants o f  cub i ca l  vo ids  and Moi re  f r i n g e s  a re  s t i l l  ev i den t  
where t h e  metal  i s  present .  A  h i ghe r  m a g n i f i c a t i o n  micrograph 
o f  t he  ox ide  i n  F igure  29 shows ox ide  subgrains,  n o t  c l e a r l y  
de f ined ,  approx imate ly  100 t o  200 nm i n  s i ze .  Poss ib le  Moire 
f r i n g e s  a r e  a l s o  ev iden t .  
The (400) -NiA1 r e f l e c t i o n  and ad jacen t  ox i de  r e f l e c t i o n s  
aga in  i n d i c a t e  t he  presence o f  NiA1204 a long  w i t h 6  -A1203. 
However, t h e  AI /Ni  r a t i o  o f  10.20 means t h a t  NiA1204 i s  no 
l onge r  a  ma jo r  ox i de  phase when compared w i t h  ox ide  composi- 
t i o n s  f rom s h o r t e r  o x i d a t i o n  t imes.  
Another specimen o x i d i z e d  under t h e  same c o n d i t i o n s  showed 
q u i t e  a  d i f f e r e n t  ox i de  morphology. F i gu re  30 i s  a  BF image of 
t h i s  ox i de  w i t h  a  SAD f rom t h e  T i g h t e r  r e g i o n  i n d i c a t e d  by t h e  
arrow. The ox ide  i n  t h i s  r e g i o n  corresponds t o  a  randomly 
o r i e n t e d  s p i n e l  phase hav ing  a  l a t t i c e  cons tan t  approx imate ly  
equal t o  NiA1204 and Y-A1203. X-ray a n a l y s i s  o f  t he  l i g h t e r  
reg ions  i n d i c a t e d  cons iderab ly  h i g h e r  l e v e l s  o f  N i  and C r  as 
compared t o  t h e  network around t h e  patches. Th is  would i n d i -  
c a t e  t h a t  t h e  randamly o r i e n t e d  ox ide  i s  most l i k e l y  n i c k -  
e l  -chromate sp ine l  , NiCr204, hav ing a  l a t t i c e  cons tan t  o f  8.320 
0 
A. The patches p robab ly  form d u r i n g  e l e c t r o p o l i s h i n g  where t he  
e l e c t r o l y t e  would p r e f e r e n t i a l l y  erode t he  chromium r i c h  areas 
L - 4  moire fr inges 
50 nm Figure 29 
JLigher magni f ica t ion  b r i g h t  f i e l d  image i n  j u s t  an oxide reg ion  
of Figure 28a).  Poss ib l e  oxide subgra ins  and Moire f r i n g e s  a r e  
i nd ica t ed .  
Figure  30 
B r i g h t  f i e l d  image o f  a n  o x i d e  and cor respond ing  d i f f r a c t i o n  p a t t e r n  from t h e  r e g i o n  i n d i c a t e d  
by a n  arrow. The p a t c h e s  i n  a )  a r e  b e l i e v e d  t o  occur  from impur i ty  o x i d e s ,  probably  NiCr204. 
The S A D  o f  t h e s e  r e g i o n s  i n  b) i n d i c a t e s  r i n g s  from a  s p i n e l  s t r u c t u r e  having a l a t t i c e  c o n s t a n t  
n e a r  t h a t  of  N i C r  0 2  4 '  
of the oxide thereby reducing the thickness in those regions. 
The orientation relationships are the same for  1.0 hour and 
10.0 hour oxidation times. Clearly, a t  least  two variants of 
6-Alp03 are present in the 10.0 hour case, the c-axes lying 
perpendicular to  each other in the plane of oxidation. The 
possibil i ty remains of a third variant with the c-axis in the 
direction perpendicular t o  the fo i l  normal. 
4) 0.1 hours, 1100°C 
Some specimens were oxidized a t  1100°C for  0.1 hours to  deter- 
mine i f  the scales consisted of oriented transient phases. 
Also, the specimens were not electropolished prior to  oxidation 
to  determine the effect  of a rough surface on oxide orien- 
tation. Figure 31a i s  a BF image of the oxide scale under 
these conditions. ' Indications of scratch marks are noticed in 
the scale. However, t h i s  seemed to have l i t t l e  e f fec t  on oxide 
orientation since the same orientation relationship ex is t s  as 
that  for  a l l  other (001) oriented specimens. The diffraction 
pattern in Figure 31b shows the Bain relationship between the 
metal and oxide with s l ight  rotational variations u p  t o  5'. 
The oxide consists of NiA1 204 and 6 -A1 203. 
0.5 pm Figure 31a)  
Bright f i e l d  image of an oxide l a y e r  on an ( 001 ), 0 . 1  hour. 
1 1 0 0 ~ ~  specimen. The l i n e a r  t e x t u r e  h i g h l i g h t s  s c r a t c h  marks 
on t h e  non-electropol ished m t a l  su r f ace .  

The high A1/Ni ra t io  of 14.1 fo r  the oxide suggests that  
6-A1203 is  the predominate oxide phase. This agrees with 
Figure 31b, because only the more intense reflections of 
NiA1 ?04, as determined by X-ray diffraction analysis,  are 
evident in the diffraction pattern.41 This sane ef fec t  i s  seen 
in Figure 32 as the .[4001 NiA1204 reflections are strong b u t  
the C220) reflections are almost non-existent. 
C )  (012) Metal Orientation - Oxidized 
1) 0.1 hours, 80G°C 
Although an (012) oriented metal does not represent an extreme 
orientation on the stereographic t r iangle  as the other metal 
orientations do, i t  does represent a low index plane intermedi- 
a t e  between two major orientations which can be used t o  qualify 
some of the resul ts .  Also, the [012] direction was a preferred 
g rowth  direction in the cast  alloy bars thus making t h i s  metal 
orientation a logical choice fo r  an oxidation study. 
The oxide tha t  formed on the (012) metal orientation i s  highly 
epi taxial ly  related to  the metal. Figure 33 i l l u s t r a t e s  th i s  
with a )  predominately metal and b )  only oxide reflections in 
these diffraction patterns. The (012) Ki kuchi center in Figure 

33a demonstrates the precise metal orientation. The met- 
al-oxide orientation relationship for  th i s  case was found to 
be: 
The oxide consisted of b o t h  NiA1 204 and Y or 6 -A1 203 as de- 
termined by the Al/Ni ra t io  equal to 1.60. Many of the extra 
reflections found in these diffraction patterns can be a t t r ib -  
uted to  double diffraction between B -NiAl and NiA1 *04. 
However, by t i l t i n g  to  other oxide zone axes, evidence of yor 
6-A1203 can be observed which might be hidden by the central 
spot of Figure 33b. The extra "wing" reflections near the 13113 
relrod reflections i n  Figure 34a have a d-spacing similar t o  
the {222}u-A1203 reflections b u t  do not correspond with 
adjacent higher order iaue zones. (See Appendix B for  higher 
order Laue reflections.  ) These reflections could be associated 
with 6-A1203, representing the formation of that  oxide phase. 
This possible 6-A12Q3 formation i s  also shown in the [loll 
oxide zone in Figure 34b. These extra reflections are located 
in the same places as in the [loll oxide zone on an (001) 
oriented metal of Figure 19, previously mentioned. 

'wing1'  reflect ions 
0 NiAI2Oi!s) 
. double d: f f rc lc"o~,  
- 
r e l r o d  r e f  lect .orc 
Oxide zones from an (012),  0 .1  hour, 80O0~ specimen. The ex t ra  
"wing" r e f l e c t i ons  i n  the El111 zone of a )  a r e  associated with 
the existence of 6-A1 0  . Evidence of 6-A1 0 i s  a l so  seen 
i n  b ) ,  i n  an [Oil] ox?dz zone. 2 3 
The BF-DF pair  in Figure 35 shows the oxide and metal plus 
oxide regions a t  the hole in the metal specimen. The SAD for  
th i s  pair i s  shown in Figure 36. The specimen was t i l t e d  so 
that  an (011) metal direction was nearly parallel t o  the beam 
direction. However, another se t  of metal reflections indicates 
an [012] zone axis. These two interpenetrating single crystal 
patterns resul t  from the bulk metal specimen and possibly from 
a deformed metal area. 
Upon increasing the magnification of a DF image, a large number 
of Moire fringe patterns are evident on the regions of both 
oxide and thin metal. These fringes are a resul t  of interfer-  
ence between the (200)' 6-Ni Al reflection and the (440) N i A 1  *04 
reflection shown in the previous SAD. Figure 37 shows that  the 
fringes have a wide range of spacings and directions. This 
variation results from the combined rotational and para1 le l  
contributions t o  Moire fringe formation from the closeness of 
the two d-spacings of the reflections,  and the large amount of 
rotational variance in the arc reflection of N ~ A I ~ O ~ .  The 
schematic drawins of Figure 38 describes the terminology used 
when explaining the large rotational and spacing differences in 
the fringes. The angle, a , represents the rotational variance 
of the diffracted spots b u t  the angle, Y , i s  the actual 
rotational variation t h a t  the Moire fringes can have. Table 


metal t oxide 1 oxide 
9=i2001m ,(440)0x 
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' ,kA'Jox Figure 37a) 
Dark f i e l d  image of an ( 012), 0 . 1  hour, 8 0 0 ~ ~  specimen. Moire 
f r i n g e s  a r e  observed where oxide and t h i n  metal overlap.  
Qox Figure 3 % )  
High magni f ica t ion  dark f i e l d  image of a metal  p l u s  oxide 
reg ion  i n  Figure 37a) .  The spacings and d i r e c t i o n s  of f r i n g e s  
a r e  a f u i c t i o n  of t h e  metal-oxide 2-vector  d i f f e r e n c e .  
Figure 38 
Schematic of the geometrical terminology used to describe Ehoire fringe spacings and directions. 
The diffraction pattern of Figure 36 is ilsed as an example. 
I11 i s  a  l i s t  o f  t he  c a l c u l a t e d  f r i n g e  spacings us ing  t he  
combined p a r a l l e l  and r o t a t i o n a l  formula.  The angle,  a , was 
measured f rom t h e  d i f f r a c t i o n  p a t t e r n  i n  F igure  36 and was 
found t o  be + 10". The  angle,^, was c a l c u l a t e d  by us ing  t h e  
geometr ica l  formula: 
s i n  Y = s i n  q 
[I + (d2/d1)2 - 2(d2/dl cos a ) ]  k 
For smal l  a ' s ,  t h e  f r i n g e  spacings should be t h e  l a r g e s t ,  
cor responding t o  f r i nges  l y i n g  n e a r l y  perpend icu la r  t o  t he  
metal  g-vector .  From Table 111, r i s  seen t o  reach 90" near  an a 
o f  about 9.2". The Moi re  f r i nges  f rom r e f l e c t i o n s  hav ing t h i s  
r o t a t i o n a l  d i f f e r e n c e  a re  perpend icu la r  t o  these a t  a equals 0" 
and a re  t h e r e f o r e  p a r a l l e l  t o  t h e  metal  g-vector .  The f r i n g e  
spacing f o r  these f r i n g e s  should be t he  sma l les t .  Th is  proves 
t o  be t h e  case as shown i n  t h e  i n d i c a t e d  g-vectors  o f  F igure  
37. From t h e  ac tua l  micrograph, t h e  l a r g e s t  f r i n g e  spacing, 
corresponding t o  a equal 0°, was measured t o  be approx imate ly  
23 nm, whereas t h e  c a l c u l a t e d  f r i n g e  spacing f rom known 
d-spacings and a equals  O0 i s  11.4 nm. Th is  d i f f e r e n c e  i s  
p o s s i b l e  w i t h  l e s s  than  a 0.5% change i n  t h e  d-spacings o f  t h e  
meta l  o r  oxide. The p r e d i c t e d  t r e n d  i s  ev i den t ,  however, t h a t  
t he  l a r g e s t  spacings occur  when t h e  f r i n g e s  a r e  p r i m a r i l y  
p a r a l l e l  Moi re  f r i nges  and t h e  sma l l es t  spacings occur  when a 
maximum r o t a t i o n  e f f e c t  i s  present .  
TABLE I11 
Calculated fringe spacings and angles for Wire fringes 
on an (012), 0.1 hour specimen in Figure 37. 
Using these Moire f r i nqes ,  an ox ide  c r y s t a l l i t e  s i z e  can be 
approx imate ly  determined by domains o f  u n i d i r e c t i o n a l  f r i nges  
corresponding t o  i n d i v i d u a l  ox ide  c r y s t a l l i t e s .  The domains o f  
f r i n g e s  were found t o  be between 5 and 25 nm i n  diameter.  Th is  
apparent g r a i n  s i z e  agrees w i t h  t h a t  found f o r  an (001) metal  
o x i d i z e d  f o r  0.1 hours. 
A  s i m i l a r  c r y s t a l l i t e  s i z e  i s  ob ta ined  when Moire f r i nges  a r e  
imaged us ing  a  I1111 B-NiAl and 14401 NiA1204 r e f l e c t i o n .  The 
d i f f e r e n c e  i n  d-spacing i s  g r e a t e r  f o r  these r e f l e c t i o n s ;  
t h e r e f o r e  t he  Moi re  f r i n g e  spacing w i l l  be much reduced. 
That i s  indeed t he  r e s u l t  as shown i n  F igu re  39. The Moi re  
f r i n g e  spacing v a r i e s  f rom approx imate ly  0.6 t o  0.9 nm depend- 
i n g  upon t h e  amount of r o t a t i o n  of t he  g-vectors  as d i s t e d  i n  
Table IV. The l a r g e  f r i nges  can be p u r e l y  r o t a t i o n a l  i n  na tu re  
and r e s u l t  f rom an over lapp ing  o f  ox ide  c r y s t a l  1 i t e s .  
The boundaries between each ox ide  c r y s t a l l i t e  a re  n o t  always 
w e l l  de f ined ,  b u t  can be n o t i c e d  by s l i g h t  changes i n  d i -  
r e c t i o n s  o f  t h e  Moi re  f r i n g e  domains. The f r i n g e  d i r e c t i o n s  
between most domains ( c r y s t a l  1  i t e s )  general  l y  v a r i e s  o n l y  by a  
few degrees. Th is  i s  evidence o f  low angle g r a i n  boundaries 
between ox ide  g ra ins .  A 1 i m i t e d  number of h i g h  angle bound- 
a r i e s  a r e  observed. 
Moire f r inges  on ari (012 ), 0.1 hour, 8 0 0 ~ ~  specimen. The 
f r inge  spacing i s  reduced because the difference i n  d - s~ac ings  
from the  metal and oxide re f lec t ions  used t o  create  t h i s  image 
i s  l a rge .  
TABLE IV 
Calculated fringe spacings and angles for Yoire fringes 
on an ( 012), 0.1 hour specimen in Figure 39. 
2 )  1.0 hours,  800°C 
F igu re  40 i s  a d i f f r a c t i o n  p a t t e r n  f rom bo th  a  metal  and ox ide  
r e g i o n  o f  a  specimen showing t h e  same meta l -ox ide  o r i e n t a t i o n  
r e l a t i o n s h i p  as found f o r  t h e  0.1 hour  c o n d i t i o n .  The ox i de  
phases were determined t o  be NiA1 204, Y-A1 203, and 6 -A1 203 f rom 
t h i s  SAD. The presence o f  8 -A1203 i s  assured by t h e  1/2 
(1101 typo  r e f l e c t - i o n s .  The A1/Ni r a t i o  was found t o  be o n l y  
1.59, l e s s  than t h a t  of t h e  0.1 hour  (012) specimen. A h i ghe r  
r a t i o  i s  expected s i nce  bA lpOg  i s  p resen t  as an ox i de  phase 
f o r  1.0 hour  o x i d a t i o n  moreso than  t h e  0.1 hour  case. Th is  
anomaly i s  a t t r i b u t e d  t o  a  p o s s i b l e  e r r o r  i n  x - r ay  da ta  c o l -  
l e c t i o n  f o r  t h e  1.0 hour  specimen. 
The b r i g h t  f i e l d - d a r k  f i e l d  p a i r  i n  F i gu re  41  shows s i m i l a r  
ox i de  s t r u c t u r e s  a t  o t h e r  o x i d i z i n g  t imes and metal  o r i e n -  
t a t i o n s ,  Moi re  f r i n g e s  aga in  be ing  ev i den t .  However, t h e  BF 
images i n  F i gu re  42 show new s t r u c t u r a l  f e a t u r e s  r e l a t i n g  t o  
vo ids ,  g r a i n  morphologies and s i zes .  G ra in  boundar ies can be 
d e l i n e a t e d  w i t h  d i f f i c u l t y ,  b u t  s t i l l  show j u n c t i o n s  between 
g r a i n s .  Because t h e  o r i e n t a t i o n  d i f f e r e n c e  cou ld  be so s l i g h t  
f rom g r a i n  t o  g r a i n ,  a  minimum c o n t r a s t  d i f f e r e n c e  e x i s t s  
between i n d i v i d u a l  g ra i ns .  Some o f  t h e  features can be vo ids  
which may n o t  be g r a i n  boundary p o r o s i t y .  

a ) b r i g h t  f i e l d  
Figure 41 '005 Clrnl 
Br ight  f i e ld -da rk  f i e l d  p a i r  of oxide formed ori ax (012), 1 .0  
0 hour, 800 C specimec. Circled reg ions  show Moire f r i n g e s .  
0.05 prn 
Figure 41b ) 
Dark f i e l d  image of t h e  oxide r eg ion  shown i n  Figure 4la). 
Bright  f i e l d  images from d i f f e r e n t  a reas  of oxid 
f r i n g e s ( ~ ) ,  g r a i n  boundaries( GB ) and voids( V ) ar 
le on an (01.2,)~ 1 .0  hour, 8 0 0 ~ ~  specimen. Moire 
.e indica ted .  
The measured g r a i n  s i z e  ranges from 0.7 t o  40 nm. Most g ra i ns  
appear t o  be approx imate ly  20 nm i n  s i ze .  Th is  does n o t  
i n d i c a t e  much g r a i n  growth, however, between 0.1 and 1.0 hours 
a t  t he  o x i d a t i o n  temperature.  
3 )  10.0 hours, 800°C 
No images o r  X-ray data were ob ta ined  f o r  t h i s  cond i t i on .  The 
e l e c t r o n  d i f f r a c t i o n  pa t t e rns  of F igure  43 serve t h e  purpose o f  
ox i de  phase de te rmina t ion .  There was no change i n  t h e  o r i e n -  
t a t i o n  r e l a t i o n s h i p  f rom the  s h o r t e r  o x i d a t i o n  t imes. 
The ox ide  i n  F igure  43b i s  indexed t o  be predominate ly  8-A1 203. 
The same i s  t r u e  when t i l t i n g  t he  ox ide  l a y e r  t o  near a  (113) 
t ype  cub ic  zone a x i s  i n  a  d i f f e r e n t  r e g i o n  shown i n  F igure  43c. 
The same {222) "wing" r e f l e c t i o n s ,  f i r s t  d iscovered i n  a  [ I l l ]  
ox ide  zone on a  0.1 hour, (012) metal  o r i e n t a t i o n  (F igu re  34) 
a r e  ev iden t  i n  t h e  w e l l  developed 6-Alp03 zone shown i n  F igu re  
44. 
+ 6 -Ai203(61 
doable diffraction 
Figure 43 
Diffraction pa t t e rns  of an (812), 10.0 how, 8 0 0 ~ ~  specimen. 
a )  Metal p lus  oxide SAD a t  0 tilt shows the  same or ienta t ion 
re la t ionships  a s  shor ter  oxidation times. b )  C3101 oxide zone 
shows 6-,U 0 a s  t he  predominant oxide phase. 
2 3 
Figure 43c) 
6-A1 0 zone on a?? (012) ,  10.0 hour,  8 w 0 c  specimen. The 
zone2c&responds most c l o s e l y  t o  a C1131 cubic zone. 

D )  (011) Meta l ,  Oxid ized 
1 )  0.1 hours, 800°C 
Th is  c o n d i t i o n  f o r  an (011) metal  o r i e n t a t i o n  produced t h r e e  
d i s t i n c t  meta l -ox ide o r i e n t a t i o n  r e l a t i o n s h i p s .  The ox ide  
cons i s ted  o n l y  o f  NiA1204 accord ing t o  e l e c t r o n  d i f f r a c t i o n  
w i t h  a  A l /N i  r a t i o  o f  0.73. F igure  45a i s  an SAD o f  bo th  a  
metal  and ox ide  r e g i o n  t o  show t h e  presence o f  bo th  phases. 
The o r i e n t a t i o n  r e l a t i o n s h i p  p resen t  i n  t h e  d i f f r a c t i o n  p a t t e r n  
i s  g iven  as; 
and i s  known as t he  Nishyama-Wassermann (N-W) o r i e n t a t i o n  
r e l a t i o n s h i p .  The N-W o r i e n t a t i o n  r e l a t i o n s h i p  i s  common t o  
FCC-BCC systems. 
Two e x t r a  C440) ox ide  r e f l e c t i o n s  a re  a l s o  n o t i c e d  l y i n g  n e a r l y  
p a r a l l e l  w i t h  a  metal  (211) d i r e c t i o n .  The same r e g i o n  o f  t he  
specimen was observed f o l l o w i n g  a very  b r i e f  i o n - t h i n n i n g  
procedure t o  "c lean-up" t h e  f o i l  and i s  shown i n  F igu re  45b 
w i t h  a  d i f f r a c t i o n  p a t t e r n .  The e x t r a  r e f l e c t i o n s  found i n  t he  
A B - N ~ A I ! ~ )  
0 N~LU* 0&f) 
b 2nd (s :  relationship 
Selected area  d i f f r a c t i ~ n ~ p a t t e r n s  of a metal p lus  oxide region 
on a (Oil), 0 .1  hour, 800 C specimen. a )  Extra re f l ec t ions  a re  
from a secondary oxlientation of oxide. b )  Same specimen as  i n  
a ) ,  a f t e r  an ion thinning treatment from the oxide s ide .  Two 
d i f f e r en t  o r ien ta t ion  re la t ionsh ips  a r e  present .  Zone axis: 
C0lllg, Cillls. 
prev ious  f i g u r e  a re  seen t o  be long t o  ano ther  complete ox i de  
o r i e n t a t i o n .  The same (711) ox ide  p lane l i e s  p a r a l l e l  t o  t h e  
(011) metal  p lane  as i n  t h e  N-W o r i e n t a t i o n  r e l a t i o n s h i p ,  b u t  a  
d i f f e r e n t  s e t  o f  d i r e c t i o n s  i n  t h e  metal  and ox i de  a re  a l i g n e d  
p a r a l l e l  t o  each o t h e r  r e s u l t i n g  i n  a  d i f f e r e n t  o r i e n t a t i o n  
r e l a t i o n s h i p  g i ven  as: 
Th i s  o r i e n t a t i o n  r e l a t i o n s h i p  i n v o l v e s  a  r o t a t i o n  o f  t h e  ox i de  
by 24.7' i n  t h e  p lane  o f  o x i d a t i o n  r e l a t i v e  t o  t h e  N-W r e l a -  
t i o n s h i p .  Dark f i e l d  images f rom each o r i e n t a t i o n  r e l a t i o n s h i p  
a re  shown i n  F i gu re  46. There seems t o  be no segrega t ion  o r  
c l u s t e r i n g  o f  c r y s t a l l i t e s  f rom one p a r t i c u l a r  o r i e n t a t i o n  
r e l a t i o n s h i p .  Therefore,  t h i s  e f f e c t  appears t o  be random. A 
cor responding b r i g h t  f i e l d  image o f  t h i s  r e g i o n  i n  F i gu re  47 
shows vo ids  and p o s s i b l y  i n d i v i d u a l  g ra i ns .  The g r a i n  s i t e  i s  
approx imate ly  10-30 nm by these measurements. 
A  t h i r d  o r i e n t a t i o n  r e l a t i o n s h i p  i s  shown i n  F i gu re  48. Th is  
SAD was taken f rom a  d i f f e r e n t  r e g i o n  of t h e  same specimen as 
i n  F i gu re  46 and 47. As i n  t h e  p rev ious  o r i e n t a t i o n  r e l a t i o n -  
sh i p ,  t h e  same ox ide  p lane  1  i e s  p a r a l l e l  t o  t h e  metal  b u t  i s  
i----4 
0.1 urn Figure 46 
Dark f i e l d  images of oxide on an ( Oil), 0 . 1  hour, 800 '~  specimen. The image i n  a) was obtained 
from a  (4403 oxide r e f l e c t i o n  of the N-W r e l a t ionsh ip  while the image i n  b )  was from the  o ther  
o r i e n t a t i o n  re la t ionsh ip .  
C--------l 
Figure 1+7 0.05 pm 
Bright f i e l d  image of the same (011) specimen as  i n  Figure 46 
showing individual  grains outl ined by voids and some i n t r a -  
granular porosity.  

rotated relat ive to  the N-W relationship. However, the oxide 
plane i s  only rotated by 5.3' resulting in the Kurdjumov-Sachs 
(K-S) orientation relationship given as:  
The degree of oxide misorientation i s  large for  th i s  metal 
orientation as compared t o  other metal orientations. This 
effect  i s  shown in the diffraction patterns of Figure 49 for  a 
(111) and (110) NiA1204 zone axis respectively. The width of 
the oxide arcs approach 20" with an indication of a random 
orientation from the (440) ring in Figure 48a. Extra re- 
flections are from higher order Laue zones as shown in Appendix 
B. 
To study the possibil i ty of clustering of one particular oxide 
orientation, 24D electron microscopy was used. This technique, 
described by ~ e 1  14', i s  a dark-field imaging technique uti 1 iz- 
ing special properties of electron optics to  obtain a mock 
stereo image. By al ter ing the focus of a dark-field image, new 
image areas s h i f t  into the aperture positions, the directions 
of shif t ing being parallel with the diffraction vectors. The 
s h i f t s  create an a r t i f i c i a l  parallax which make images a t  two 
0 Ni A!204 .s) 
a relrod refle 
Figure 49 
Dif$action pa t t e rns  of oxide zone axes from an (011), 0.1 hour, 
800 C specimen. The oxide i s  p r immi ly  NiA1204; a ) a El111 
zone and. b ) a [110:1 zone. The or ienta t ions  of oxide c r y s t a l l i t e s  
are qu i te  random as observed by the  width of the  a rcs .  
d i f f e r e n t  focus ing  cond i t i ons  su i ta .b le f o r  s te reo  imaging. The 
ac tua l  depths observed do n o t  correspond t o  any s p a t i a l  d i f f e r -  
ence b u t  can be r e l a t e d  t o  d i f f e r e n t  p o s i t i o n s  i n  t h e  o b j e c t i v e  
aper ture.  Regions w i t h  d i f f e r e n t  o r i e n t a t i o n s  w i l l  appear t o  
be a t  d i f f e r e n t  l e v e l s  i n  t he  s te reo  image as shown i n  F igure  
50. A 2fD p a i r  i s  shown i n  F igure  51. When viewed through a 
stereoscope, adjacent  ox ide g ra ins  appear t o  be on d i f f e r e n t  
l e v e l s  corresponding t o  d i f f e r e n t  o r i e n t a t i o n s .  This i n d i c a t e s  
t h a t  t he re  i s  no major  tendency t o  form regions o f  ox ide 
c r y s t a l l i t e s  having t h e  same o r i e n t a t i o n .  
2) 1.0 hours, 800°C 
The A l /N i  r a t i o  f o r  t h i s  c o n d i t i o n  has increased t o  5.11 f rom 
0.73 i n  t h e  0.1 hour cond i t i on ,  i n d i c a t i n g  an increased forma- 
t i o n  o f  AId2O3. The e l e c t r o n  d i f f r a c t i o n  pa t te rns  o f  F igure  52 
i n d i c a t e  t h a t  o n l y  one o r i e n t a t i o n  r e l a t i o n s h i p  now e x i s t s  
which r e l a t e s  A1203 t o  t h e  metal .  130th Y-A1203 and s-A1203 
are  ev ident ,  6-A1203 being i n d i c a t e d  by t h e  e x t r a  spots i n  t he  
(111) zone o f  F igure  52, b u t  ma in l y  from t h e  113 (400) 
r e f l e c t i o n s  i n  F igure  52b. The o r i e n t a t i o n  r e l a t i o n s h i p  i s  
g iven as; 
a d  = change in focus 
2 = wove length 
Figure 50 
Scht~matic of the 23D imaging technique. (Ref. 47) 
Figure 51 
2qD dark field pair of oxide on an ( 011), 0.1 hour, 8 0 0 ~ ~  specimen. When observed with a stereo- 
scope, crystallites are seen not to be clustered in layers but rather are randomly distributed 
through the thickness. 
which i s  the Nishyama-Wassermann orientation relationship. The 
d i f f i cu l t i e s  in describing the structure of s -A1 203 prevent 
exact de1:ermination of an orientation relationship of th i s  
oxide phase t o  the metal, a t  the present time. 
3) 10.0 hours, 800°C 
The same N-W orientation relationship exis ts  for  the 10.0 hour 
oxide b u t  only v-A120j i s  evident as shown ill the diffraction 
patterns in Figure 53 for  two different exposure times. 
6-A1203 has ei ther  transformed t o  Y-A120g or has become a minor 
oxide phase. The A l / N i  ra t io  for  th i s  condition has increased 
to  19.42. 
A bright f ie ld  image of the oxide i s  shown in Figure 54. The 
major features in th i s  image are the dark precipitates lying 
primarily along (110) directions in the oxide. Similar 
Widmanstatten precipitates have been found by Smialek in 
oriented u-A1203 scales formed on a  doped NiCrAl alloy. 22 
These i 111 I, (110) precipitate blades are attributed to  a  
transit ion phase between the spinel t o  corundum Ai20j phases. 
AP-NiAl@) 
Orelrod ref lect ions 
Figure 5;2 
Selected area d i f f r ac t i on  pa t t e rns  from an (Oll) specimen 
oxidized a t  800 C f o r  1 . 0  hours. a )  [ 0llJmetal zone plus [ 1113 
oxide zone. Both y-A120 and 6-A1 0 are evident; 6-A1 0 by 2 3 the  ?'wingfr r e f l e c t i ons .  2 ) C 1003 o x f d  zone showing y-Al 0 and 
6-A1 0 having the s- or ien ta t ion .  Because the exac t2d ien ta -  
tio$o?' 6-A1 0 i n  a )  i s  unhoum, indices  were not assigned t o  
the &-A1 0 r e  l ec t ions .  
2 3 a 
Figure 53 
Selected area d i f fmc t ion  pa t  erns of a metal p lus  oxide region $i from an (Oil), 10.0 hour, 800 C specimen. Two d i f f e r en t  ex- 
posure times indicate  t h a t  the  oxide layer  consis ts  of only 
y-Al 0 having the Nishyma-Wassermann re la t ionship  with the 
Zone axis: [OllJB, [ill]y. 
Figure 54 I 0.25 urn I 
Bright f i e l d  image of oriented y-A& 0 ,  on an (011) metal speci- 3 men oxidized f o r  10.0 hours a t  800 8: The Widmanstatten preci-  
p i t a t e s  l i e  along (110) d i rect ions .  
E )  ( l i l )  Metal ,  Ox id ized  
1) 0.1 hours,  800°C 
A se l ec ted  area d i f f r a c t i o n  p a t t e r n  o f  ox i de  i s  shown i n  F i gu re  
55a. Th is  SAD was taken a t  0" tilt. A  n e a r l y  symmetric 
arrangement o f  ( 400 3 ox i de  r e f l e c t i o n s  i s  observed. F i gu re  55b 
shows bo th  meta l  and ox i de  a re  s l i g h t l y  t i 1  t e d  f rom 0". The 
a r r a y  o f  ox i de  r e f l e c t i o n s  w i t h  r e l a t i o n s h i p  t o  t h e  metal  i s  
c l e a r l y  shown. The ox i de  was indexed t o  be NiA1204 and had an 
A l /N i  r a t i o  equal t o  0.72, s i m i l a r  t o  t h e  ox i de  f o r  t h e  same 
o x i d i z i n g  c o n d i t i o n s  on (011) meta l .  
The meta l -ox ide  o r i e n t a t i o n  r e l a t i o n s h i p s  f o r  t h i s  metal  o r i e n -  
t a t i o n  were n o t  o b t a i n a b l e  from specimens o x i d i z e d  under these 
c o n d i t i o n s  due t o  l i m i t e d  t h i n  area and d i f f i c u l t i e s  i n  be ing  
a b l e  t o  t i l t  t o  r e q u i r e d  zone axes. However, a  s i m i l a r  0" t i l t  
metal  and ox i de  p a t t e r n  was ob ta i ned  f o r  t h e  1.0 hour ,  (111) 
metal  f o r  which t h e  o r i e n t a t i o n  r e l a t i o n s h i p  was determinable .  
The r e l a t i o n s h i p  i s  s imp ly  s t a t e d  now b u t  w i l l  be exp la i ned  i n  
more d e t a i l  under t h e  1.0 hour,  (111) heading. The o r i e n t a t i o n  
r e l a t i o n s h i p  was found t o  be; 
(1 11 1 ,  1 1  n ea r  (021 lox 
[11 31,:, I I [ i o a ~ ~ ~  
b 1 
Figure 5 
Selected area d i f f r ac t i gn  pa t t e rns  from a (ill), 0.1 hour, 8 0 0 ~ ~  
specimen; a )  oxJde a t  0 tilt and b )  oxide p lus  metal t i l t e d  
s l i g h t l y  from 0 . 
having three variants,  120" apart. 
A just i f icat ion for  three variants being involved in th i s  
orientation relationship i s  shown in the high resolution dark 
f i e ld  image of Figure 56 of Moire fringes on the 0.1 hr. 
specimen. The spacings and angles correspond well with the 
corresponding diffraction pattern for  metal and NiA1204. 
Circled regions in the image show directions of Moire fringes 
lying a t  120" from each other. This i s  a resul t  o f  oxide 
c rys t a l l i t e s  from different  variants of the orientation rela- 
tionship lying next to  each other. There does not appear to  be 
any preference for  c rys t a l l i t e s  from any one variant of the 
orientation relationship to  be clustered. 
2 )  1.0 hours, 800°C 
The orientation relationship for  t h i s  condition mentioned 
e a r l i e r ,  i s  again given as; 
( ''')metal I I near (OZ1)oxide 
having three variants,  120" apart. This orientation relation- 
ship was determined primarily by t i l t i n g  the specimen to  each 
of the three symmetric (112) metal zones, each being 19.5" away 
Figure 56 
High resolut ign dark f i e l d  image of Moire f r inges  on a ( I l l ) ,  
0.1 hour, 800 C specimen. Three var ian t s  ofothe ~ r i e n t a ~ i o n  
re la t ionsh ip  r e s u l t  i n  f r inge  d i rec t ions  120 from each other 
( c i rc led  regions ). 
from the [:111] zone axis and 61.9' away from each other. A t  
each (118 metal zone a similar diffraction pattern was ob- 
tained, shown in Figure 57. Included in each pattern i s  an 
(011) oxide zone axis and extra reflections from two other 
variants. The reflections fo r  each diffraction pattern were 
plotted on a stereographic projection. Most of the reflections 
corresponded t o  one of the three (011) variants. Threefold 
symmetry was established as well as the particular oxide 
orientations. When plotted on a [ I l l )  stereographic projection 
representing the metal orientation, the three oxide variants 
are easi ly  distinguished as  shown in Figure 58. Figure 59 i s  
 show^ to  portray the s imi lar i t ies  between the 0" t i l t  
diffraction patterns fo r  a 0.1 hour and 1.0 hour specimen. 
According t o  the diffraction pattern in Figure 60 of a region 
of oxide from a different  specimen oxidized under the same con- 
di t ions,  the oxide i s  randomly oriented. X-ray analysis o f  
t h i s  oxide showed impurity levels of Cr and Zr with a relative- 
ly higher concentration o f  Ni than the oriented scale. Double 
rings a t  the I4001 and I4401 positions help to  identify the 
phases as NiCr204 and possibly Y-Alp03 or NiA1204. 
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Figure 57 
Se lec ted  a r e a  d i f f r a c t i o n  p a t t e r n  from a ( l l l ) ,  1 .0 hour, 8 0 0 ~ ~  specimen t i l t e d  t o  a  (112) metal 
zone a x i s .  The oxide o r i e n t a t i o n  is the same a t  each of the  th ree  (11$ metal zones and includes 
a (110) oxide zone p lus  r e f l e c t i o n s  from the  two other  o r i en ta t ion  var iants .  
I ---= 
.--)--three 3. oxide vor~onts 
Figure 58 
Stereographic projectZion of the or iegta t ion re la t ionsh ip  
on (111) metal. Three var iants ,  120 apar t ,  account f o r  the  
threefold  symmetry of the  metal (111)  surface.  
Figure 59 
Selected area diff ract ion pattern of a metal p l u s  oxide region near 0' tilt on the same speg- 
imen a s  i n  Figure 57. The orientation relationship is the same a s  the ( l l l ) ,  0.1 hour, 800 C 
condition. 

3)  10.0 hours,  800°C 
The inc reased  t h i ckness  of t h e  ox i de  l a y e r  f o r  these specimens 
prevented d e t a i l e d  ana l ys i s .  However, F i gu re  6 1  i n d i c a t e s  t h e  
same o r i e n t a t i o n  r e l a t i o n s h i p  as found f o r  s h o r t e r  o x i d i z i n g  
t imes on (111) meta l .  v-A1203 i s  t h e  o n l y  ox i de  phase. The 
corresponding A l /N i  r a t i o  f o r  t h i s  ox i de  was 20.86. 
d 4 
t-i e 
d id 
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IV. DISCUSSION 
The emphasis of th i s  work has been on the determination of 
oxide phases that  grow on P-NiA1 + Zr and the orientation 
relationships that  ex is t  between the oxide and the metal 
substrate. Therefore, one section of the discussion will be 
devoted to  each of these two topics. A third section will 
re late  th i s  material t o  implications on nucleation and develop- 
ment of a -A1 203 scales on B -NiAl alloys. 
A )  Transient Oxide Phases on Oriented 6-NiA1 + Zr 
1) Crystal structure and identification of oxide phases 
Many resul ts  of th i s  study are based upon characteristics and 
changes in the crystal structures of the oxide phases that  
form. Therefore, the following discussion i s  developed so that  
comparisons between the oxide phases can be made. 
Three oxide phases formed on 6 -N.iAl + Zr a t  800°C.for oxida- 
tion times up to  10.0 hours. These oxides are NiA1204, 
Y-Al 0 and 6-Al2O3. The structures of a l l  three oxides are 2 3 
based on the spinel structure described by Bragg. 48 The 
chemical formula i s  based on an  AB204 designation w i t h  A and  B 
r ep resen t i ng  d i v a l e n t  and t r i v a l e n t  c a t i o n s  r e s p e c t i v e l y .  The 
sp ine l  s t r u c t u r e  con ta ins  a  face-centered cub i c  a r r a y  o f  oxygen 
anions o f  which t h e r e  a r e  32 pe r  u n i t  c e l l .  E i g h t  A  ca t i ons  
occupy one-eighth o f  t h e  t e t r a h e d r a l  s i t e s  i n  a  u n i t  c e l l  w h i l e  
one-ha l f  o f  t h e  oc tahedra l  p o s i t i o n s  a r e  f i l l e d  w i t h  s i x t e e n  B 
ca t ions .  
The s t r u c t u r e  j u s t  descr ibed  i s  termed a  "normal" sp ine l  and i s  
t h e  s t r u c t u r e  of a lumina te  and chromate sp ine l s .  Most f e r r i t e s  
have a " i nve rse "  s p i n e l  s t r u c t u r e  i n  which t h e  A c a t i o n s  and 
h a l f  t h e  I3 c a t i o n s  a r e  on t h e  oc tahedra l  s i t e s  and t h e  remain- 
i n g  B c a t i o n s  occupy t h e  t e t r a h e d r a l  s i t e s .  No s p i n e l  phase i s  
s t r i c t l y  normal o r  inverse ,  and t h e  degree o f  randomness of t h e  
c a t i o n  d i s t r i b u t i o n  increases w i t h  temperature,  changing s i t e  
p re fe rence  energ ies f o r  p a r t i c u l a r  d i s t r i b u t i o n s  o f  ca t i ons .  49 
N icke l -a lumina te  s p i n e l ,  NiA1 204, i s  a  normal s p i n e l  50, w i t h  a  
l a t t i c e  parameter o f  8.048 i.41 Measured values o f  a, f o r  
NiA1204 agree w e l l  w i t h  t h i s  value. I t s  s t r u c t u r e  i s  shown i n  
F igure  62. There i s  some disagreement as t o  t h e  space group o f  
sp ine l .  Fd3m was t h e  g e n e r a l l y  accepted space group b u t  Grimes 
suggested t h a t  t h e  space group i s  ~43m, one o f  lower  symme- 
try.51 Hwang e t  a l ,  and l a t e r  Heuer and   itch ell^' agreed t h a t  
t he  space group of sp ine l  i s  p robab ly  ~ 4 3 m  because of t he  
@ N i c k e I (tetrahedral) 
0 A l  u m i n urn (octahedral) 
Figure 62 
Structure  of NiA1204,  a normal spinel .  
presence of (2001 reflections in an 1001! M9A1204 zone. 
However, Sinith suggested the possibi l i ty  of double diffraction 
in the f i r s t  order Laue zone causes (200) re1 rod reflections to  
occur in the zeroth order Laue zone. 43 
I n  the present study, weak { Z O O )  oxide reflections were ob- 
served i n  [ O O l ]  oxide zones only, when NiA1204 was present as a 
major oxide phase. For an (001) and (C12) metal oxidation 
plane, the {ZOO} reflections disappear a f t e r  0.1 hours oxida- 
tion time b u t  pers is t  through 1.0 hour on (011) oriented metal. 
The persistence of I2001 oxide reflections fo r  1.0 hours, (011) 
specimens could indicate tha t  the same reflections occur from 
A1 0 , another spinel phase. However, y-A1203 has been 2 3  
described to  have the space group Fd3m fo r  fo r  which the { Z O O )  
reflections are forbidden. No defini te  conclusions can be 
drawn on the possibi l i ty  of a difference in space groups 
between NiA120q and rA1203 because y-A1203 was not present 
by i t s e l f  on any of the specimens. 
y-A1203 belongs to  a group of materials known as the t ransi t ion 
a l ~ m i n a s . ' ~  There are  a t  leas t  seven different  phases, a1 1 
having the formula A.I2O3, which form metastably as natural and 
synthetic forms of anhydrous aluminum oxide are heated. Near 
:OOO°C, ct-Alp03 forms, which i s  the s table  phase, and the 
transformation sequence ends. The transformation sequence 
involves continuous ordering of cations in a cubic anion 
arrangement until further heating causes a rearrangement of the 
anion sublat t ice  to  an approximate hexagonal array of the 
rhombohedra1 -A1 203 structure. 
Thermal oxidation of alumina forming alloys also involves the 
transformation of metastable phase:; t o  cl-A1 203. However, only 
y-A1 *03 and &A1 203 have been found prior to a-A1 203 
formation. The structure cf v-A1203 i s  a defect spinel 
structure as described by Verwey. I n  one phase, designat- 
ed y'-A1203 by Verwey, aluminum cations occupy, on the average, 
21 1/3 of a l l  available cation positions, the oxygen ions being 
arranged in a face-centered cubic l a t t i ce .  The cations are 
randomly distributed over a i l  the octahedral and tetrahedral 
positions. I n  Y-A1203, the cations are i n  a more ordered 
arrangement resembling the spinel s t ructure,  b u t  an average of 
2 2/3 of the octahedral positions are  vacant per unit ce l l .  
The published value f o r  the l a t t i c e  constant of Y-A1203 i s  
- .  
7.908 i.41 The measured values for  the l a t t i c e  constant of 
y-A1203 found on (011) and (111) metal specimens of 7.906 i 
0 
.002 A agrees with th i s  value. 
Fast of the 1 i terature  refers to  6 -A1 as being tetragonal 
with a c/a ra t io  approximately equal to  three. The tetragonal 
superstructure was f i r s t  discovered by Braun when determining 
the structure of LiFe5O8, a spinel phase. 54 Van Oosterhout and 
Rooiymons defined the structure from a similar superstructure 
found in gamma-ferric oxide.55 The space group of th i s  new 
structure was P4:, a derivative of the spinel space group. 
The simi 1 a r i  t i e s  between maghemi t e  ( y-Fe203) and ,(-A1 *03 were 
discussed by The same superstructures ex is t  between 
the gamma forms of iron and aluminum oxide during the transfor- 
mation t o  the stable alpha phases, a-Fe203 being isotructural 
with r A 1  203. 
There i s  some ambiguity in the exact values for  the l a t t i c e  
constants of 6-A1203. Rooymans reported the values: 5 7 
The c/a ra t io  in th i s  case would be 2.94. Tertian and Papke 
calculated the values to  be: 5 8 
and t he  c/a r a t i o  i s  2.959. When poss ib le ,  t h e  l a t t i c e  con- 
s t a n t s  and/or t h e  c/a r a t i o s  were determined f o r  6-Alp03 found 
i n  t h i s  study. F igure  63 presents  p o r t i o n s  o f  d i f f r a c t i o n  
p a t t e r n s  en la rged  t o  show a l l  phases present  w i t h  re fe rence  t o  
a pN iA1  r e f l e c t i o n .  The d i f f r a c t i o n  pa t t e rns  a re  taken f rom 
(012) metal  specimens o x i d i z e d  f o r  1.0 hour and 10.0 hours 
r e s p e c t i v e l y .  For t h e  1.0 hour  ox ide,  t h r e e  d i s t i n c t  ox i de  
r e f l e c t i o n s  occur  near t h e  metal  spot.  The r e f l e c t i o n  neares t  
t he  metal  spot  was indexed t o  be a {6601NiAl2Oq r e f l e c t i o n  
hav ing a d-spacing o f  0.946 1. The midd le  ox ide  r e f l e c t i o n  has 
0 
a d-spacing equal t o  0.936 A corresponding t o  a {660) 6-A1203 
r e f l e c t i o n .  The a. va lue  i s  c a l c u l a t e d  t o  be 7.940 A. The 
0 
d-spacing o f  t h e  o u t e r  r e f l e c t i o n  equals 0.925 A. I f  t h i s  
corresponds t o  a (6.0018) 6-Al2O3 r e f l e c t i o n ,  t he  co va lue  i s  
0 
c a l c u l a t e d  t o  be 23.303 A. The c a l c u l a t e d  c /a  r a t i o  i s  2.935 
which i s  i n  good agreement w i t h  t h e  pub l i shed  values. The 
r e s u l t s  o f  t h e  same c a l c u l a t i o n s  f o r  t h e  10.0 hour  ox ide  a re :  
S i m i l a r  c a l c u l a t i o n s  were performed on (001) metal  specimens 
o x i d i z e d  f o r  1.0 and 10.0 hours. For  a 1.0 hour  ox ide:  
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Figure 63 
Portions of diffraction patterns from metal plus oxide regions 
of a ) an (012), 1.0 hour, 8 0 0 ~ ~  specimen and b ) an ( 012), 10.0 
hour , 800~'~ specimen. The multiple reflections near 6-NiA1 
reflection:; help in the determinztion of the lattice constants 
of 6-Al 0 
2 3 "  
The d i f f rac t ion  pattern showed an (8801 NiA1204 re f lec t ion  with 
0 
a d-spacing of 1.416 A. Using NiA1 *04 as a reference instead 
of O - N ~ A I ,  the newly calculated l a t t i c e  constants of 
6-A1 203 are:  
The l a t t i c e  constants of 6-A1203 a f t e r  10.0 hours oxidation 
time on an (001) metal specimen are :  
An average c/a  r a t i o  f o r  6-Al2O3 calculated from many 
d i f f rac t ion  patterns of an ( O O l ) ,  10.0 hour specimen was 
0 
2.960 -+ .05 A. This value i s  believed t o  be the most r e a l i s t i c  
estimate f o r 6  -A1203 in t h i s  study. 
The published and measured values f o r  the l a t t i c e  constants of 
pA1203 a re  summarized in Table V .  There appears t o  be no 
trend in the change of l a t t i c e  constants f o r  metal or ienta t ion 
Lat t ice  constants of 6-A1 0 from published data and from 
measured values i n  t h i s  study. 2 3 -  
a 0 (8 )  c (83 o c/a Remarks 
7.960 23.40 2.94 Ref. 60 
7.943 23.5 2.959 Ref. 61 
7.940 23.303 2.935 (012),  1 .0  h rs .  
7.959 23.376 2.937 (012), 10.0 hrs .  
7.874 23.354 2.966 (001 )~  1 .0  hrs .  
7.913 23.470 2.966 ( 0 0 1 ) ~  1 .0  hrs ,  
Ref. with N i A l  0 2 4 
or oxidation time. This concern developed because of discrep- 
ancies found in the diffraction data for  8 -A1 Z03. First  , the 
published d-spacings and indices in the X-ray Powder 
Diffraction File,  card #16-394, are not accurate enough to be 
used as a reference. For example, the (102) and (004) re- 
0 
flections are assigned a d-spacing of 6.4 A. Calculated values 
using the assigned l a t t i c e  constants place these reflections 
0.7 a apart. Appendix C 1 i s t s  published d-spacings and as- 
signed indices as well as calculated d-spacings for  the same 
indices. Also included are the callculated values from the 
present study using the l a t t i c e  constants: 
which are average values of the measured l a t t i c e  constants on 
(012) specimens being the most consistent valves. 
Next, assignment of indices to  speclific reflections in 
diffraction patterns involves relaxing some basic 
crystallographic principles. For instance, in the diffraction 
pattern of Figure 64, the 6-A1 *03 zone corresponds to  a (112) 
cubic zone. Correct assignment of indices requires a 
stereographic projection of th i s  particular tetragonal system 
t o  be used. F i g u r e  65 i s  a  te t ragc lna l  s t e r e o g r a p h i c  p r o j e c t i o n  

u s i n g  a  c/a r a t i o  equal t o  2.936 taken f rom t h e  averaged 
l a t t i c e  constants .  Formulae t o  determine p r o j e c t i o n  angles a re  
found i n  t h e  r e fe rence  by  Andrews e t  One p r o j e c t i o n  i s  
f o r  a  v a r i a n t  hav ing  t h e  c -ax i s  pe rpend i cu l a r  t o  t h e  pCo jec t ion  
plane, i . e .  an (001) s te reograph ic  p r o j e c t i o n  and t h e  o t h e r  
p r o j e c t i o n  has t h e  c - a x i s  i n  t h e  p lane  o f  t h e  p r o j e c t i o n  ( ( o ~ o )  
p r o j e c t i o n ) .  The two po les  cor responding t o  a (112) cub i c  
p o l e  a r e  t h e  11161 i n  t h e  (001) p r o j e c t i o n  and t h e  [I231 p o l e  
i n  t h e  ( o ~ o )  p r o j e c t i o n .  N e i t h e r  po le  superimposes e x a c t l y  
ove r  t h e  p o s i t i o n  o f  a  cub ic  (112) p o l e  on a  cub i c  (001) 
p r o j e c t i o n ,  t he  d i f f e r e n c e  be ing  l e s s  than 1" i n  bo th  cases. 
However, i n  t h e  d i f f r a c t i o n  p a t t e r n  of F i gu re  64, t h e  ang le  
between t h e  two p r i n c i p a l  d i r e c t i o n s  i s  e x a c t l y  90". The 
t r a c e s  of t h e  zones a t  90' f rom each of these t e t r agona l  po les,  
do n o t  i n t e r s e c t  enough low i n d i c e  po les  t o  account f o r  t h e  
d i f f r a c t i o n  p a t t e r n .  There i s  no r a t i o n a l  l ow- ind ices  zone 
a x i s  which s a t i s f i e s  exac t  d i f f r a c t i o n  c o n d i t i o n s  o f  F i gu re  64. 
Therefore, a1 1 t h r e e  o r thogona l  v a r i a n t s  o f  6-A1 203 a re  
assumed t o  be p resen t  t o  account f o r  t h e  symmetry o f  t h e  
d i f f r a c t i o n  p a t t e r n s .  Th is  same conc lus i on  a l l ows  f o r  t h e  
s i m i l a r i t i e s  between d i f f r a c t i o n  p a t t e r n s  o f  6-A1 203 on (012) 
and (001) o r i e n t e d  meta l  o x i d i z e d  f o r  10.0 hours.  A 
v a r i e t y  of &-A1 *03 zones a long  w i t h  i ndex ing  schemes a r e  g i ven  
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Figure 65 
Stereographic yroject ions  of te t ragonal  6-A1 0 using a c/a 
r a t i o  equal t o  2.936; a )  an (001) projection2 &d b )  an (oIo) 
projection.  
( loo) 
Figure 65b) 
(010) projection of 6-A1 0 
2 3 '  
i n  Appendix D f o r  d i f f e r e n t  metal  o r i e n t a t i o n s .  B r i e f  exp la -  
na t i ons  o f  t h e  d i f f r a c t i o n  p a t t e r n s  desc r i be  t h e  o r i e n t a t i o n s  
a t  which t h e  specimens were t i l t e d  t o  o b t a i n  t h e  zones a x i s  
p a t t e r n s  and a l s o  s i m i l a r i t i e s  o r  d i f f e r e n c e s  between pa t t e rns .  
6-A1203 i s  cons idered t o  be a  t r a n s i t i o n  phase between 
-y-A1 0  and a-A120g, t h e  c a t i o n s  be ing  more ordered than 2  3  
rA1203. However, l i n e s  o f  d i f f u s e  i n t e n s i t y  a long  c -ax i s  
d i r e c t i o n s  i n  t h e  d i f f r a c t i o n  p a t t e r n s  o f  F i gu re  66 suggest 
t h a t  t h i s  o r d e r i n g  i s  s t i l l  n o t  complete. Th i s  same phenomena 
was found by Lippens and de Boer i n  t h e i r  s tudy  o f  t h e  t r a n s -  
fo rmat ions  o f  a1 uminum hydroxides. 60 The t rans fo rmat ion  f rom 
s-A1203 t o  a-Alp03 u s u a l l y  i n v o l v e d  f o rma t i on  o f  e-A120g, a  
we1 1  -ordered monocl i n i c  phase. However, ~ o o k s b ~ ~ '  d iscovered  
t h a t  a  h i g h l y  ordered 6-Al2O3 phase can t r ans fo rm  immediate ly  
t o  a-AI2O3 w i t h o u t  f i r s t  conve r t i ng  t o  e-AI2O3, t h e  t r a n s i t i o n  
phase cons idered t o  have t h e  h i g h e s t  degree o f  o rder .  63 The 
amount o f  c a t i o n  o r d e r i n g  may be a  f u n c t i o n  o f  t h e  mo is tu re  
con ten t  o f  t h e  t r a n s i t i o n  a1 umina phase. 6-A1 203 i s  cons idered 
t o  be a  hydrous phase o f  A1203 as a l l  of  t h e  t r a n s i t i o n  
a1 uminas are.  An impo r tan t  f i n d i n g  was made by Ramanarayaman 38 
who found 6-AlqOg on a  Y203 doped NiCrAl a l l o y  a t  900°c when 
t he  mo is tu re  con ten t  o f  t h e  o x i d i z i n g  atmosphere was h igh .  In 
d r y  a i r ,  o n l y  a-A12Q3 was found a t  900°C. Yet 

t h e  oppos i t e  i s  t r u e  f o r  t h e  Fe-0 system. The cub i c  t r a n s i t i o n  
phase, Y-Fe203 i s  s t a b i l i z e d  by h i g h  mo i s tu re  contents ,  whereas 
t h e  t e t r a g o n a l  fo rm o f  Fe20j i s  p resen t  under d r y  cond i t i ons .  56 
I n  t h e  p resen t  s tudy,  t h e  mo i s tu re  con ten t  of t h e  atmosphere 
was n o t  determined and was assumed t o  va r y  between l o t s  of 
o x i d a t i o n  runs.  However, t h i s  seemed t o  be of minor  importance 
when a  new e f f e c t  was d iscovered.  Specimens hav ing an (012) 
and (011) metal  o r i e n t a t i o n  were o x i d i z e d  s ide-by -s ide  i n  t h e  
same fu rnace  y e t  t h e  ox i de  phases were q u i t e  d i f f e r e n t .  On t h e  
(012) specimen, o r i e n t e d  6-A1203 was t h e  o n l y  e v i d e n t  phase, 
t h e  sca le  be ing  un i form throughout .  On an (011)  specimen, 
o r i e n t e d  -i-A1203 was t h e  predominant ox i de  phase a f t e r  10.0 
hours o x i d a t i o n  t ime.  Th is  r e s u l t  i s  r e l a t e d  t o  t he  d i f f e r e n t  
s t r u c t u r e s  o f  y-A120g and 6-A1203 and t h e i r  fo rmat ion  on 
d i f f e r e n t  meta l  o r i e n t a t i o n s .  Th is  p o i n t  w i l l  be d iscussed i n  
r e1  a t i o n  t o  t h e  o v e r a l l  o x i d a t i o n  process o c c u r r i n g  on o r i e n t e d  
B-NiA1 a l l o y s .  
2)  Summary o f  ox i de  phases and composi t ions 
A  summar,y of t h e  ox i de  phases t h a t  formed on each meta l  o r i e n -  
t a t i o n  and t h e  o x i d a t i o n  t imes a re  shown i n  Table V I .  Table 
V I I  l i s t s  t h e  A1/N1 r a t i o s  o f  t h e  ox ides  f o r  t h e  same v a r i -  
TABLE 'JI 
Summary of oxide phases found on oxidized single-crystal 
B-NiA1 + Zr for oxidation times up to 10.0 hours at 8 0 0 ~ ~ .  
0.1 hrs. -- S, Y-6 S, Y-tS S,(Y) S,(Y> 
1.0 hrs. -- . 6, S,(y) 6, S,(Y) Y ,  6, s Y, s 
10.0 hrs. -- 6, s 6, :; Y, s Y, s 
( ) denotes a posslble phase 
TABLE V I I  
A l / N i  r a t i o s  f o r  oxide layers  found on single-crystpl  
6-NiA1 + %r f o r  oxidation times up t o  10.0 hours a t  800 C .  
Values i n  parenthesis  are the f rac t ions  of A 1  0 i n  the oxide 
scales .  2 3 
0 . 1  hrs. -- 1.. 34( .46) 1.6N .55) 0.73( . O X )  0.72( .0l) 
1 .0  hrs.  -- 3.08(.77) 1.59( .55) 5.11( .86) 5.08( .86) 
10.0 hrs .  -- 10.20( .93) --------- 19.42(.96) 20.86(.97) 
ables. The trends occurring in both of these tables will now 
be discussed to  develop a unified model fo r  the transient 
oxidation of oriented B-NiA1. 
The oxide phases in Table VI are l i s t ed  in order of predomi- 
nance. A t  80OoC and 0.1 hour oxidation times, NiA1204 forms on 
a l l  metal orientations. On (001) a n d  (012) specimens, 6-AlZ03 
i s  also evident b u t  does not appear to  be well defined. This 
may occur because y-Al2O3 forms i n i t i a l l y  and immediately 
begins to  transform to 6-A1203. This phase or mixture of 
phases i s  designated as (Y-+A1 *03. The presence of (y-6 1- 
A1203 explains the difference in AIINi rat ios  of Table VII fo r  
(012), (001) and fo r  (Ol l ) ,  (111) specimens. For an (001) 
specimen a t  0.1 hours, the oxide layer consists of approx- 
imately 46% A1203 whereas an (012) specimen has about 55% 
A1203. The larger atomic scattering factor for  Ni might 
explain the reason fo r  the low intensity of A1203 reflections 
i n  the electron diffraction patterns. 
For 1.0 hours a t  the oxidation temperature of 800°C, the 
percent of A1,O in the oxide layer has increased fo r  a l l  metal 
L 3 
orientation except (012). Most l ikely,  the percentage of A1203 
has increased along the same l ines  as (001) because of the i r  
similar i n i t i a l  condition and current oxide phases. The 
percentages of A1203 have increased to 77%, 86% and 86% for  
( O O l ) ,  (011) and (111) specimens respectively. The scales on 
(001) and (012) orientations now include two oxide phases; 
NiA1203 and 6-Al2Oy On (011) orientations,  a l l  three oxide 
phases are  found, whereas on (111) orientations,  only NiAlZ04 
and y-A1203 are  found. Oxides due to  Cr and Fe impurities are 
also present in some cases. When the impurities are  detected, 
the oxides attributed to  them are randomly oriented spinels. 
The resul ts  fo r  10.0 hour oxidation times complete the tran- 
s ien t  oxide developments fo r  t h i s  study. The Al/Ni rat ios  are 
again similar fo r  (011) and (111) specimens and have increased 
to  96% and 97% A1203 respectively. The (001) orientation 
involved an increase in percent A1203 to 93%. No data were 
available fo r  the (012) metal orientation. No change in the 
predominant oxide phase occurs since the 1.0 hour oxidation 
time b u t  some morphological developments have taken place. The 
c rys t a l l i t e  sizes of the impurity oxide phases have now in- 
creased a!: evidenced by the distinguishable spots on the rings 
in the diffraction pattern of Figure 30. Also, 6-h1203 i s  no 
longer evident on (011) specimens. 
A d d i t i o n a l  i n f o r m a t i o n  w i l l  h e l p  i n  e x p l a i n i n g  t h e  growth 
process of t h e  ox ide.  A means o f  de te rmin ing  t h e  r e l a t i v e  
th i cknesses  o f  t h e  o x i d e  l a y e r s  can be approximated by observ- 
i n g  t h e  d i f fuseness  of t h e  d i f f r a c t i o n  pa t t e rns .  F i gu re  67 i s  
a  s e r i e s  of se l ec ted  area d i f f r a c t i o n  p a t t e r n s  of ox i de  l a y e r s  
on (OOl), (012) ,  (011) and (111) sp,ecimens r e s p e c t i v e l y  a t  0" 
t i lt. A l l  d i f f r a c t i o n  p a t t e r n s  wer~e taken f o r  s i m i l a r  exposure 
t imes.  The sharpness of t h e  d i f f r a c t i o n  spots  decreases f rom 
(001) t o  (111) i n d i c a t i n g  more s c a t t e r i n g  and thus  t h i c k e r  
ox i de  l a y e r s .  Th is  agrees w i t h  t h e  A l /N i  r a t i o s  o f  Table V I I  
i n  t h a t  (111) has t h e  l a r g e s t  inc rease  i n d i c a t i n g  more growth 
o f  A1203 r e l a t i v e  t o  t h e  o t h e r  meta l  o r i e n t a t i o n s .  
Evidence of inhomogeneous ox i de  growth i s  p rov i ded  i n  t h e  
images of F igures  68-70 from an ( O l l ) ,  10.0 hour  specimen. 
B r i g h t  f i e l d  images i n d i c a t e  r eg ions  where t h e  s e l e c t o r  aper-  
t u r e  was placed. From t h e  images, p i t s  i n  t h e  ox i de  l a y e r  a re  
seen. The p i t s  a re  covered w i t h  a  l a y e r  o f  randomly o r i e n t e d  
i m p u r i t y  ox ide.  X-ray a n a l y s i s  showed inc reased  l e v e l s  o f  C r  
and N i  i n  these reg ions .  As t h e  t h i ckness  o f  t h e  ox i de  i n -  
creases away f rom t h e  p i t s ,  t h e  ox i de  becomes p redominan t l y  
o r i e n t e d  Y-Alp03. A  s te reo  p a i r  i n  F i gu re  71 i n d i c a t e s  t h a t  
t h e  random ox ide  i s  near  t h e  gas-oxide i n t e r f a c e  and n o t  a t  t h e  
meta l  -ox ide  i n t e r f a c e .  The same mar-phology was observed f o r  
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Figure 68 
Bright f i e l d  image of inhomogeneous oxide g r o ~ t h  on an (011) 
metal specimen oxidized fo r  10.0 hours a t  800 C .  The non- 
uniform scale  i s  r e l a t ed  t o  the presence of impurit ies i n  the 
oxide sca le .  
Figure 69 
Selected  area d i f f r a c t i o n  pat terns  from regions i n  Figure 68. The th icker  regions of the  
oxide a r e  predominantly oriented y-A1 0 whereas the t h i n  oxide over the p i t s  i n  the  sca le  a re  
randomly oriented cubic oxides contaigi& impuri t ies .  


the regions of randomly oriented oxide, for  the 10.0 hour, 
(001) spec:imen of Figure 30. 
3) Format:ion and growth sequence of the oxide phases 
The f i r s t  oxide to  form on a metal surface a t  higher tempera- 
tures i s  usually expitaxially related to the metal substrate. 
Studies by ~ o w e s , ~ ~  Lloyd e t  a1 ,64 and Cox e t  a1 6 5 
on iron-chromium alloys have shown the in i t i a l  oxide layers 
consist of epitaxially oriented spinel phases. The metal 
orientation and composition are major factors in determining 
the degree of orientation. In the i r  studies,  FeCr2G4 and 
Y-FeZ03 were the i n i t i a l  oxides to  form. These phases corre- 
spond to NiA1204 and Y-A1203 of the Ni-A1 system in the present 
work and other relzted studies. 22937  For the major metal 
orientations chosen in the present study, a l l  i n i t i a l  oxide 
phases were epitaxially oriented to  the metal. The orientation 
relationship between the metal and oxide will be discussed 
l a t e r .  
The growth of the oxide layer i s  a resul t  of further oxidation 
of the metal which i s  a diffusion process. Therefore, d i f -  
fusion must occur through the Ni A1 ?04, 6 -A1 ?03 and y A 1  203 
phases. Quest,ions a r i se  as to  what chemical species diffuse 
and i n  what d i r e c t i o n s .  Since NiP,1204 i s  found o n l y  a t  t h e  
very  e a r l y  stages o f  ox i da t i on ,  d i f f u s i o n  o f  N i  through t h e  
ox ide  does n o t  c o n t r i b u t e  t o  t h e  f u r t h e r  growth of t h e  ox ide  
l a y e r .  Th is  assumption i s  based on t h e  f i n d i n g  t h a t  t h e r e  i s  
n e g l i g i b l e  s o l u b i l i t y  of NiO i n  NiA12Q4 as compared t o  A12Q3 i n  
FliA1 *04. 66 The growth of t he  i m p u r i t y  ox ides i s  n o t  cons idered 
here. The d i f f u s i n g  species a r e  then A1 o r  0  ions.  These i ons  
can d i f f u s e  through t he  ox ide  l a y e r  t o  form new ox ide  a t  t h e  
oxide-gas i n t e r f a c e  o r  a t  t he  meta l -ox ide  i n t e r f a c e .  For  
s i m p l i c i t y ,  f o rma t i on  o f  new ox ide  w i t h i n  an e x i s t i n g  phase i s  
neglected.  I f  aluminum c a t i o n s  d i f f u s e  f a s t e r  than oxygen 
anions, t h e  new ox ide  w i l l  fo rm a t  t he  gas-oxide i n te r f ace .  If 
t h e  reverse  i s  t r u e ,  o x i d a t i o n  w i l l  occur  a t  t he  meta l -ox ide 
i n te r f ace .  
I n  sp ine l s ,  c a t i o n  d i f f u s i o n  i s  f a s t e r  than t h e  oxygen d i f -  
f u s i o n  as determined by O ish i  and Ando i n  MgA1204. 68 The 
species o f  c a t i o n  as w e l l  as t he  d e f e c t  concen t ra t i on  w i l l  
determine t o  what e x t e n t  t h e  c a t i o n  m o b i l i t y  i s  g rea te r .  For 
example, Fe has a  very  h i g h  m o b i l i t y  because o f  i t s  a b i l i t y  t o  
a l t e r n a t e  valence s t a t e s  between t h e  f e r r i c  and fe r rous  ions.  
I t s  ab i l i t y  t o  transfer between octhedral and tetrahedral s i t e s  
allows for  f a s t  d i f f ~ s i o n . ~ '  The mobility o f  chromium in 
NiCr204 i s  fas te r  than the mobility of A1 in NiAI2O4 as de- 
termined by Hauffe and ~schera."  As the cation mobility 
increases, the relative anion t o  cation diffusion decreases. A 
highly defective structure of the cation sublat t ice ,  such as 
Y-A1203, should involve an increased cation diffusivi ty  because 
of the increased number of vacancies. Halloran and Bowen 
discussed th i s  in the i r  study of ion diffusion in 
iron-aluminate spinels .  '11 The diffusivi ty of A1 in 
y-A1203 would be expected t o  be higher than in NiA1204. 
The differences in structure between Y-A1 *03 and "A1 203 
indicate that  Al diffusion i n  these materials could be d i f fe r -  
ent. 6 -A1203 i s  considered to  have more of an ordered cation 
distribution. A recent microscopy study suggests that the 
periodicity of defects in Y-A1,03 i s  imperfect because 
L 
antiphase boundaries are only quasi periodic. 72 In 6-A1203, 
the antiphase boundaries are periodic. 
The difference in the oxidation characteristics between metal 
orientations found in th i s  study suggests that  the substrate 
orientation has a def ini te  influence on the transient oxidation 
of alumina forming alloys. Results suggest that the (001) and 
(012) metal orientations are similar and the (011) and (111) 
metal o r i e n t a t i o n s  are  s i m i l a r  i n  t h e i r  ox ida t i on  cha rac te r i s -  
t i c s .  
A schematic of the  proposed sequence of ox ida t i on  f o r  (001) and 
(012) metal  i s  shown i n  F igure 72. Upon exposure t o  the  atmo- 
sphere, n u c l e i  o f  n i c k e l  and aluminum cubic oxides combine t o  
form a l a y e r  o f  NiA1204 which i s  h i g h l y  e p i t a x i a l l y  r e l a t e d  t o  
the  metal.  Since aluminum d i f f us ion  i s  r e l a t i v e l y  f a s t ,  
y-A12G3 forms a t  t he  oxide-gas i n te r face  a s  an extension o f  t he  
NiA1204 sp ine l  l a t t i c e .  A s o l i d  s o l u t i o n  o f  NiA120q and 
Y -A120g most probably occurs i n  t he  e a r l y  stages. Since the  
ox ide i s  s t i l l  t h i n ,  some inward oxygen d i f f u s i o n  may occur 
through sho r t  c i r c u i t  paths and form Y -A1203 a t  the  metal-oxide 
i n te r face .  This  i s  considered t o  be a  minor con t r i bu t i on ,  
however. 
The t r a n s f o r m a t i o n  t e m p e r a t u r e  frorn Y -A l  0 t o  6 -A1 0 i s  con- 2  3  2 3 
s idered t o  be around 850°C (Figure 4 ) .  Yet on (001) and (012) 
metal o r i e n t a t i o n s ,  6 -A1 203 i s  s t a h l e  a t  80OoC. Y -A1 203 
begins t o  t ransform t o  6-A1203 w i t h  the  t ransformat ion being 
incomplete a t  0.1 hours ox ida t i on  t ime. The A1203 t r a n s i t i o n  
phase a t  t h i s  stage i s  c a l l e d  (Y-6)  A1203. 
A t  1.0 hour o x i d a t i o n  t ime, t he  t rans format ion  t o  6-A1203 i s  
complete. The ox ide l a y e r  has thickened w i t h  NiA1204 s t i l l  
0.1 hrs. 
- 
1.0 hrs. 
- 
S-.NiAI 0 10.0 hrs. 2 4 r - u-Ai*O, 
Figure 72 
( )-possible phase 
Schematic of the oxidation sequence with time at 800'~ on (001) 
and ( 012 :I metal orientations. 
incorporated as an inner layer of the scale .  A t  10.0 hours, 
the sca le  i s  too thick t o  observe d i f f rac t ion  from NiA120q. 
The overall  k inet ics  of s t ab le  oxide formation appear t o  be 
slower on (011) and (111) metal or ienta t ions  during t rans ien t  
stages.  Figure 73 indicates t ha t  NiA1204 forms and grows 
ep i t ax i a l l y  through 0.1 hours of oxidation. NeitherY -A1203 
nor 6Al2O3 forms a complete layer  of oxide. The only A1203 t o  
form a f t e r  0.1 hours appears t o  be in so l id  solution with 
NiA1204, i f  i t  i s  present a t  a l l .  Only one oxide phase, having 
0 
a l a t t i c e  constant near 7.92 A ,  was evident. This value i s  
intermediate between the l a t t i c e  constants of Y-A1203 and 
NiA1204, b u t  nearer t o  Y - A I ~ O ~ .  The lower Al/Ni r a t i o  of t h i s  
scale  suggests NiA120p i s  the predominant phase of the so l id  
solution.  After 1.0 hours ~xidat ic ln  time, Y-A1203 has formed 
and i s  expi taxia l ly  re la ted  t o  the metal. On (011) specimens 
6-A1203 a l so  formed b u t  i t s  exact or ienta t ion re la t ionship  was 
i ndeterminate. However, 6-A1 203 did show a preferred 
or ienta t ion.  For (011) and (111) metal o r ien ta t ions ,  
Y-A120g i s  more s tab le  than 6-Al2O3 a t  800°C. This i s  believed 
t o  be a r e su l t  of the crystal lographic s t ruc tu ra l  or ienta t ion 
re la t ionships  between the metal ana oxide. These metal orien- 
t a t ions  e i t h e r  s t a b i l i z e  the cubic spinel s t ruc tu re  of both 
NiA1204 and  u-A1203 or they i nh ib i t  the formation of a 
0. I hrs. 
1.0 hrs. 
L--_ Y 
C S +  ( Y )  NiAI+ Zr 
S -- NiA12Q4 10.0 hrs. b' - b' -A 1203 
$ -- 6 -A I2O3 ( (011) mly) ( )-possible phase 
Figure 73 
Schematic of the oxidation sequence with time a t  8 0 0 ~ ~  on ( 011) 
and (111) metal or ienta t ions .  
tetraaonal structure such as 6-A1203. This i s  evident because 
the 6-A1203 formed a f t e r  1.0 hours cv  (011) metal, b u t  i s  not 
present a f t e r  10.0 hours. Since 6-A120g did form a f t e r  1.0 
hour on (011) met.?.:, t h i s  phase i s  probably the more stable 
A1203 transit ion phase a t  800CC. However, 
6-A1 0 i s  less  stable on these metal orientations because the 2 3 
(111) cubic plane that  forms on (011) metal has no simple 
corresponding plane in the tetragonal structure of 
6-A1203. Thus, the near (012) spinel plane that  forms on (111.) 
metal would be more stable than a similar plane in 
6-A1 203. 
The transient oxidation of B-NiA1 alloys i s  therefore seen to  
be dependent on metal orientation as well as other variables. 
6-Alp03 i s  the s table  phase a t  800°C b u t  does not persis t  on 
(011) and (111) metal orientations because these orientations 
tend to  s tab i l ize  the cubic s t ruc t~ l r e  of the spinel phase, 
Y-A1203. The transient oxidation o f  alumina forming alloys 
must then be understood in terms o-F metal-oxide orientation 
relationships as we1 1 as thermodynamics. 
B )  Orientation Relationships 
1) Rationale for  epitaxial oxide formation 
The f i r s t  oxide to  form on a metal surface i s  a resul t  of the 
chemisorption of oxygen ions on the surface. Depending upon 
the surface construction of the metal surface, oxygen ions will 
f i l l  lower energy s i t e s  and attempt to  match the surface 
structure.  This matching of the surface structure i s  only 
applicable when a monolayer or so of the oxide phase i s  pre- 
sent. Soon afterward, the crystallographic structure of the 
particular oxide phase predominates and no longer attempts t o  
mimic the metal surface structure.  Once monolayer oxide growth 
has occured, the original metal f ree surface i s  no longer 
stable.  Therefore, the bulk metal structure influences subse- 
quent growth of the oxide. 
Further growth of the oxide involves a best f i t ,  lowest energy 
matching between the metal and oxide structures.  In i t i a l ly ,  
the cation sublat t ice  of the oxide phase will just  be an 
extension of the metal l a t t i ce .  This requires crystallographic 
directions and planes of the oxide structure to  align with 
appropriate planes and directions of the metal structure.  The 
two main factors affecting the specific directions and planes 
i n  the oxide are the difference in structure between the metal 
and oxide phase and the difference in spacings along cation 
close-packed directions. The f i r s t  factor determines the plane 
in the oxide that  forms parallel to  the metal surface. The 
second determines the degree to  which the oxide phase will tend 
to  orient i t s e l f  with the metal. 'The smaller the l a t t i c e  
parameter differences are along cation close-packed directions,  
the less  s t ra in  energy i s  involved with oxide growth. 
Therefore, systems with small differences in the above 
mentioned l a t t i c e  parameter will tend to  be well oriented. 
This i s  a cr i ter ion fo r  an epitaxial orientation relationship 
between a metal and the i n i t i a l  oxide phase tha t  forms on i t .  
Many aspects of oriented oxide growth have been neglected to  
th i s  point. These aspects involve such questions as to  what 
occurs when interfacial  s t ra ins  become too large to  continue 
homogeneous oriented growth and how individual oxide 
c rys t a l l i t e s ,  from nucleation, combine and grow together. 
These have been the topics of many studies dealing w i t h  i n t e r  
faces, to  be described below. 
2 )  Interface theories of interphase boundaries 
Success in describing and predicting interface structures has 
been achieved in terms of models only. There are t o o  many 
parameters involved t o  predict exactly what i s  occurring. 
Studies on b o t h  low angle grain boundaries and on interphase 
boundaries have been performed with interphase boundaries being 
of concern in th i s  study. Interphase boundaries can occur 
through a number of transformations within an already existing 
matrix or can be obtained by nucleation and growth. Since 
oxidation i s  a nucleation and growth process, discussion on 
interphase boundaries will be limited to  th i s  mechanism. 
All models are based on the assumption that  the energy of the 
interphase boundary must be a t  a minimum. Two different 
approaches a t  an interface model have been considered. The 
more exact, b u t  also more tedious methods have been proposed by 
Frank and van der ~ e r w e ~ ~  and by ~ l e t c h e r ~ ~ .  These models 
attempt t o  determine the energy of a given surface based on 
atomic potentials. 
Another group of models attempts to  predict minimum energy of a 
surface based s t r i c t l y  on geometrical calculations. Bol lman's 
0- lat t ice  concept75 and a model by Rigsbee and ~ a r o n r o n ~ ~  are 
examples of geometrical models. 
Given two periodic, superimposed l a t t i c e s ,  there will be 
regions of good f i t  between points on the two l a t t i c e s  separat- 
ed by regions of poor registry.  A dislocation placed along the 
region of worst f i t  will accommodai!e the difference between the 
two l a t t i ces .  These dislocations are known as misf i t  
dislocations. All models assume the presence of misfit  dislo- 
cations. A review by Kinsman and Aaronson provides experi- 
mental evidence of misfit  dislocations. 77 
The misfit  dislocation model proposed by Frank and van der 
Merwe determines the energies of periodic networks of misfit  
dislocations. The minimum energy dislocation network corre- 
sponds to  the most probable interface structure.  Energies are 
calculated assuming the s t ra in  energy i n  the interface plan 
consists of two components: 1) e l a s t i c  relaxation due t o  
bonding and mismatch of the two different  l a t t i ces  and 2 )  
homogeneous strain in each lattice. The model by Fletcher 
involves nearest neighbor interactions both across the inter-  
face and on e i ther  side of the interface. This i s  the most 
general interface model b u t  can also be adopted to  incorporate 
misfit  dislocations as i n  the previous model. The large number 
of parameters involved, choice of the correct interatomic 
potentials t o  be used, and computer time p u t  l imits  on the 
e f f ic ien t  use of t h i s  model even though i t s  predictive capabil- 
i t i e s  are high. One important  r e s u l t  f rom t h i s  model i nd i ca tes  
t h a t  the  m a j o r i t y  o f  s t r a i n  energy i s  l i m i t e d  t o  the i n t e r f a -  
c i a l  plane and one o r  two monolayers on e i t h e r  s ide  o f  the  
i n te r face .  This  i s  accomplished by m i s f i t  d i s l oca t i ons  t o  form 
a semi-coherent i n t e r f a c e .  An incoherent  i n te r face ,  where no 
m i s f i t  d i s l o c a t i o n s  are  present,  would have the  s t r a i n  energies 
r e s u l t i n g  from c o n t r i b u t i o n s  a t  l a r g e  d is tances on e i t h e r  s ide  
o f  t he  i n te r face .  Therefore, the  assumption o f  a  
two-dimensional system ins tead o f  a  th ree  dimensional system 
appears t o  be reasonable i n  most models. 
The geometr ical  models a re  based on Bol lman's 0 - l a t t i c e  theory. 
The 0 - l a t t i c e  i s  t he  co inc iden t  s i t e  l a t t i c e  of t he  two ar rays  
o f  p o i n t s  represent ing  the  i n t e r f a c e  planes o f  two phases. 
Appropr iate t ransformat ions and c a l c u l a t i o n s  a l l o w  the  0-points  
t o  be determined which are  p o i n t s  where the  match between the 
two i n t e r f a c i a l  s t ruc tu res  are  pe r fec t .  The boundary o f  the  
Wigner-Sei t z  c e l l  centered around each 0-point  represents the  
reg ion  o f  wors t  f i t .  The c e l l  w a l l s  can be considered d i s l o -  
c a t i o n  l i n e s .  The 0-points  a re  n o t  necessar i l y  l a t t i c e  po in t s  
o f  e i t h e r  phase. The optimum incoherent  boundary invo lves  a  
maximum i n  the  number o f  l a t t i c e  s i t e s  being 0-points.  A 
burgers vector ,  bi, i s  assigned t o  the  d i s l o c a t i o n  formed by 
the  0 - l a t t i c e  and the  o r i g i n a l  c r y s t a l  l a t t i c e  f o r  a d i r e c t i o n ,  
I ,  in both l a t t i ces .  The distance, d i ,  i s  the la te ra l  spacing 
between dislocation 1 ines in the a,rrays. The two are related 
by: 
where minima i n  the value of P represent best f i t  si tuations.  
Ecob and ~ a l ~ h ~ ~  used a parameter, R ,  where: 
This i s  similar to  the P-parameter b u t  takes into a.ccount 
dislocation interactions. The dependence on d changes from an 
inverse square to  an inverse dependence making the parameter, 
R ,  a possible measure of relat ive energetic favorabili ty of an 
interface. However, Knowles e t  a1 t i en~ons t ra ted  t h a t  the  use o f  
t h i s  parameter or any geometrical parameter t o  predict minimum 
energy i s  subject t o  question. 7 9 
Based on the above interface models, a simplified approach was 
developed to  attempt t o  rationalize some of the findings in the 
present study. The concepts of both nearest neighbor calcu- 
1 ations (assuming the atomic potential s are inversely 
proportional to  the nearest neighbor distance) and geometrical 
f i t  have been combined to characterize an interface between the 
metal phase, B-NiA1 , and any of the cubic spinel oxide phases. 
For simplicity o f  compositional nature, y-A120j was chosen. 
The model superimposes the parallel planes of oxide and metal 
found in the orientation relationships determined by electron 
diffraction. The parallel planes in both the metal and oxide 
phases are  comprised of perfect arrays of atomic positions 
determined from the appropriate l a t t i c e  parameters. Because 
the exact chemistry of the interface (unoccupied cation s i t e s ,  
N i  vs. A1 positions) i s  not known, a l l  points represent possi- 
ble aluminum ion positions, a l l  having the same valence s ta te .  
Each position on the two l a t t i ces  i s  occupied by an A1 ion 
having an ionic radius of 0.42 i . * O  The distance between every 
metal point and i t s  nearest neighbor in the oxide l a t t i c e  i s  
calculated using i t e ra t ive  procedures on an Apple I I E  computer. 
If the nearest neighbor distance i s  less  than sonle assumed 
fraction of the ionic radii  distance, the coordinates of both 
the oxide and metal positions are printed out along with the 
nearest neighbor distance. Assuming a hard sphere model for  
aluminum ions, the overlap area determined by the nearest 
neighbor ions i s  calculated. Figure 74 i l l u s t r a t e s  the model. 
The general programs used for  calculating nearest neighbor 
distances, coordinates of nearest neighbors and overlap areas 

are l i s ted  in Appendix E .  Actual calculations will be 
discussed as each orientation relationship i s  considered in the 
following section. 
I t  i s  believed that  the amount of overlap area i s  a  relative 
measure of  the s t rain energy in the interfacial  plane of av  
oxide metal system. The more overlap area associated with an 
incoherent interface,  the less would be the s t rain energy i f  
that  interface was ful ly  coherent. This model only deals with 
incoherent interfaces and assumes only homogeneous s t rains  a t  
the interface. Contributions to  bonding across the interface 
have been neglected. 
3) Orientation relationships on oxidized, single crystal 
B-Ni A'I 
The four metal orientations studied were ( O O l ) ,  (012), (Ol l ) ,  
and (111). The experimental results for  each metal orientation 
wi 11 be discussed separately. Computer model ing was performed 
for  (001) and (011) metal orientations. The (012) metal 
orientation would require more complex al terat ions to  the 
program. The (111) metal orientation requires a  three dimen- 
sional model because of the complexity of the orientation 
relationships. 
a )  (001) metal orientation 
The Bain relationship was found to occur for  a l l  conditions. 
This i s  given as: 
The same orientation relationship i s  f o u n d  for  oxidized iron 
and i t s  alloys 81-85 and oxidized The metal, in a l l  
cases, has a body-centered cubic structures and the oxides a l l  
have spinel type structure for  th i s  orientation relationship. 
I n  the present study and for  iron oxidation, the difference in 
l a t t i c e  constants along the parallel directions i s  within 3%. 
Figure 75 shows the results of the computer modeling tech- 
niques. The origin of the matrix i s  a t  0,O. The points 
plotted in Figure 75 represent metill l a t t i c e  positions where 
the center-to-center distance of the metal l a t t i c e  position and 
the corresponding metal ion in a superimposed oxide l a t t i c e  i s  
0 0 
0.6 A or l e s s ,  i  .e . ,  the cut-off point equals 0.6 A. The 
regions of best f i t  occupy blocks around a central point. This 
central point, determined by extrapolation of nearest neighbor 
distances, corresponds to  Bollman's 0-points of the 0- lat t ice .  
In those terms, the 0 - l a t t i c e  for  a Bain relationship between 
0 01 0 0 
o o l o o  0 
Figure 75 
Ccmpute.r model simulation of aluminum lattice site matching 
for a Bain relationship between B-NiA1 and y-Al 0 for an 
(001) metal orientation. 2 3 
r-HiA1 and y-A1 203 was determined t:o be a  square array with a  
0  
dimension of 93.59 A along the meta.1 (100) d i rect ions .  This 
0  
implies mis f i t  d is locat ions  t o  be spaced 93.59 A apar t  and have 
a  l i ne  di rect ion along (100) metal d i rect ions .  The (lo$ l i ne  
di rect ion corresponds with the dis locat ions  on an (001) ox- 
idized metal in Figure 24, where the dis locat ions  dc  l i e  along 
(100) metal d i rect ions .  
Another aspect t o  consider in the  computer model i s  the  re la -  
t i v e  degree of mismatch. The parameter used t o  describe t h i s  
i s  designated, a, where: 
o = overlap area (i)' 
" 2 grid area ( A )  
The overlap area i s  calculated by summi~g the individual 
overlaps f o r  each nearest  neighbor pa i r  in a  block of near 
coincident s i t e s .  For t h i s  pa r t i cu la r  system, the overlap area 
" 2  
was calculated t o  be 17.45 A . The grid area i s  j u s t  the area 
of a  un i t  c e l l  of the  0 - l a t t i c e .  F o r  t h i s  system, the grid 
O 2 3 " 2  
area equals (93.59 A )  o r  8.76 x 10 A . Therefore, f o r  the  
Bain re la t ionship  between 3-NiAl and y-A1203, o equals 1.99 x 
lom3. 
Another parameter which appears t o  be more s i g n i f i c a n t  than 
i s  t he  parameter des ignated as p ,  where: 
p=o. # o f  c o i n c i d e n t  s i t e s / g r i d  g r i d  area ( 8 ) 2  
Th is  value, i n  u n i t s  o f  I-', takes i n t o  account t he  near 
c o i n c i d e n t  s i t e  d e n s i t y  i n  each u n i t  c e l l  o f  t he  0 - l a t t i c e .  
From F igure  75, t he  number o f  s i t e s  i n  one g r i d  i s  76. There- 
2 f o re ,  p equals  1.73 x  i- f o r  t h i s  system. Both 0 and P 
0 
d r e  dependent upon t h e  1  i m i  t i n g  c r i t e r i o n  o f  0.6 A as t h e  
maximum cen te r - t o - cen te r  d i s t ance  f o r  a  neares t  ne ighbor  p a i r .  
i he  ac tua l  values o f  0 and P have l i t t l e  abso lu te  s i g n i f i c a n c e  
b u t  can be used t o  compare w i t h  va lues ob ta ined  from o t h e r  
o r i e n t a t i o n  r e l a t i o n s h i p s .  
There appears t o  be l i t t l e  d i f f i c u l t y  i n  d e f i n i n g  t h e  o r i e n -  
t a t i o n  r e l a t i o n s h i p  when 6-A1203 i s  t h e  p r imary  oxide. Refer- 
r i n g  t o  t h e  s te reograph ic  p r o j e c t i o n s  o f  F igure  65, two v a r i -  
an ts  of 6 -A1203 have t h e i r  c-axes i n  t h e  p lane of o x i d a t i o n  and 
a  t h i r d  v a r i a n t  has t h e  c-axes perpend icu la r  t o  t h e  o x i d a t i o n  
plane. The o v e r a l l  o r i e n t a t i o n  r e l a t i o n s h i p  f o r  6-A1203 and 
8-NiA1 i s  g iven  as: 
and 
*two v a r i a n t s  
b )  (012) metal  o r i e n t a t i o n  
One o r i e n t a t i o n  r e l a t i o n s h i p  was found on t h i s  metal  o r i e n -  
t a t i o n  f o r  cub i c  ox ides and one f o r  6-A1203 Each o r i e n t a t i o r  
r e l a t i o n s h i p  appeared t o  have o n l y  one v a r i a n t .  For cub i c  
ox ides  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  i s  g iven  as: 
F igure  76 shows t h e  s te reograph ic  p r o j e c t i o n  f o r  t h i s  o r i e n -  
t a t i o n  r e l a t i o n s h i p .  The same close-packed d i r e c t i o n  as i n  t he  
Figure 76 
Orientation relationship on an (012) metal orientation with a 
cubic oxide represented by a stereographic projection. 
Bain r e l a t i o n s h i p  i s  present .  The (112) p lane  of s p i n e l  i s  n o t  
n e c e s s a r i l y  a  c lose-packed plane. however, p lanes ad jacen t  t o  
ary ( i 1 2 )  p lane  appear t o  superimpose w e l l  over  many meta l  
l a t t i c e  s i t e s .  Therefore,  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  m igh t  
n o t  be a  f u n c t i o n  s o l e l y  o f  t h e  i n t e r f a c e  p lane  b u t  o f  ad,jacent 
planes. I n  t h e  s p i n e l  1  a t t i c e ,  t e t r a h e d r a l  and oc tahedra l  
s i t e s  a re  bo th  i nco rpo ra ted  i n t o  t h e  { I 1 2 1  planes. T h e i r  
degree of occupancy i n  t h e  d e f e c t i v e  sp i ne l  s t r u c t u r e  i s  n o t  
n e c e s s a r i l y  ordered. Thus, a t  i n i t i a l  o x i d a t i o n  stages, h i g h e r  
occupancy c f  bo th  s i t e s  cou ld  a l l o w  t h i s  s t r ong  o r i e n t a t i o n  
r e l a t i o n s h i p  t o  occur.  I n  NiA1204, t h e  l o c a l  chemis t ry  a t  t h e  
i n t e r f a c e  cou ld  change on t h e  atomic  sca le  t o  b e t t e r  mimic t h e  
meta l  n i c k e l  and aluminum s u b l a t t i c e s .  
When cons ide r i ng  t h e  o r i e n t a t i o n  r e l a t i o n s h i p  between fi-NiA1 
and s -A1 203, t h e  t e t r a g o n a l  s t r u c t u r e  of 6-A1 *03 compl i cates an 
exac t  o r i e n t a t i o n  r e l a t i o n s h i p .  Consider t h e  s te reog raph i c  
p r o j e c t i o n  o f  one o f  t h e  t h r e e  d i r e c t i o n s  t h a t  t h e  c-axes m igh t  
be i n  6-A1203 Because t h e  c /a  r a t i o  i s  n o t  e x a c t l y  equal t o  
t h ree ,  t h e  { I 0 3 1  r e f l e c t i o n s  and . [ l o01  r e f l e c t i o n s  a r e  n o t  a t  
45" f rom each o t h e r  as t h e  (101 ) and { I00 ) r e f l e c t i o n s  would be 
i n  a  cub i c  system. Th i s  a l s o  means t h a t  t h e  ang le  between 
( o ~ o )  and ( 1 j 3 )  i n  t h e  t e t r agona l  p r o j e c t i o n  o f  F i gu re  77 does 
n o t  equal t h e  ang le  between (001) and (112) i n  t h e  cub i c  
Figure 77 
Stereograp:hic project ion of the  te t ragonal  6-A1 0 phase. 2 3 
system. In most cases, the angular difference between the 
cubic poles and corresponding tetragonal poles i s  less  than 3'. 
If the c/a r a t io  of 6-A1203 was equal to  three,  the same 
symmetry should ex is t  in the [I231 tetragonal zone as in the 
[I211 cubic zone. Extra reflections from the tetragonal 
superlat t ice  should also be in the tetragonal zone. However, 
as shown in Figure 78, the same synlmetry i s  present between the 
tetragonal zone of 6-A1203 and the cubic zone of NiAI2O4 This 
should imply that  the c/a r a t io  equals three. B u t  the implica- 
tion would be incorrect because the c/a ra t io  was, in a l l  
cases, measured to  be less  than three. Therefore, the re- 
f lect ions in the apparent zone axis patterns of 6-A1203 are 
assumed to be a combination of low index reflections from each 
orthogonal variant of 6-A120g. For two variants,  the poles of 
the 6-A1203 diffraction pattern in Figure 78 would be near 
[I231 and  a t h i r d  would be n e a r  the [116] po1.e o f  the t h i r d  
orthogonal variant. 
The orientation relationship between 6-A1203 scales formed on 
(012) oriented metal do not have a low index plane parallel t o  
the metal plane. However, the same crystallographic directions 
as in the cubic oxide orientation rt:lationship are aligned in 
the a-A1203-metal orientation relat,ionships. These directions 
are the (100) metal and the [1101 or [lo31 6-A1203 directions. 

This gives a strong indication t h a t  orientation relationships 
are more dependent upon alignment of close-packed directions 
than on the superposition o f  close-packed planes. 
c )  (011) metal orientation 
More detailed research has been performed on th i s  orientation 
for  body-centered cubic metals because o f  the frequency of 
classical BCC-FCC orientation relationships occurring on th i s  
metal orientation. Both the Nishyama-Wassermann (N-W) and the 
Kurdjumov-Sachs (K-S) orientation relationships have been found 
t o  occur fo r  many BCC-FCC systems. The N-W relationship, given 
as: 
i s  most prominent f o r  the (011) metal orientation i n  t h i s  study 
and i s  found f o r  a l l  oxidizing conditions. The K-S relation- 
ship; 
involves the same close-packed planes b u t  i s  rotated by about 
5.3" to  align the two given directions. Many studies have 
indicated these two orientation relationships for 
BCC-FCC systems. 82s84987-91 However, no 1 i terature could be 
found which cited the third orientation relationship found on 
(011) metal in th i s  study, namely: 
This orientation relationship,  as well as the K-S relationship,  
was only found a t  0.1 hours oxidation time between spinel and 
the metal. 
An obvious question arose as to  why a l l  three orientation 
relationships are present a f t e r  0.1 hours b u t  only the N-W 
relationship i s  found a f t e r  1.0 hours oxidation time. Both the 
K-S and N - W  relationship have been found previously in BCC-FCC 
systems. According t o  Knowles e t  a1  ," the predicted 
orientation relationship for  a system having a l a t t i c e  constant 
r a t io  of 1.39 (0.5ao Y-A120g/ao B-NiA1 ) should be the same 
cl ose-packed (111) oxide p l a ~ e  rotated approximately 1.4" away 
from the N-W relationship. A rotation o f  5.3" would resul t  in 
the K-S relationship. 
A detailed examination of electron diffraction patterns pro- 
vides sorrie insight. Figure 45 shows that  for  a 0 , l  hour  
oxidized specimen, the oxide orientations are centered around 
e i ther  the N-W relationship or the third relationship men- 
tioned. The intensity of the diffraction arcs decreases as the 
angle from the exact orientation relationships i s  increased. 
The majority of the oxide c rys t a l l i t e s  should then he found to 
have an orientation very near the exact orientation relation- 
ship. The changes in Moire fringe directions of oxide 
c rys t a l l i t e s  in Figure 79 are an indication of the amount of 
misorientation. The misorientation angles of Moire fringes 
were measured from a  number of c rys t a l l i t e s  in Figure 79. The 
resul ts  are plotted in Figure 80 and are shown to  follow a  
normal distribution with the mean to be near 0" away from the 
exact orientation relationship. The misorientation of islands 
away from the exact orientation relationship could resul t  from 
s t ra in  changes developed u p o n  misfit  dislocation formation as 
mentioned by Matthews. 92 
The same degree of misorientation i s  found fo r  the N-W rela- 
tionship a f t e r  1.0 and 10.0 hours b u t  not for  the K-S relation- 
ship. Figure 48 shows that  a  complete range of orientation 
exis ts  between the K-S and N-W relationships. Therefore, even 
though the K-S relationship i s  found in th i s  one case, i t  i s  
not the predominant orientation relationship. In f ac t ,  i t  
appears t o  be less  predominant than the third orientation 
relationship mentioned, both of which are secondary t o  the N-h1 
relationship. 
C 4  
10 nrn 
* gox Figure 79 
High resolut ion Moire f r inge  pat tern  between metal and oxide 
formed on E r n  (011) metal or ienta t ion.  The majority of f r inges  
a re  aligned near the  major or ienta t ion re la t ionship .  
deviation angle f rom exact orientation relationship 
Figure 80 
Plot  of deviations i n  Moire f r inge di rect ions  from the N-W 
orienta t ion re la t ionship  taken from most of the f r inge  c lus te r s  
i n  Figure 79. 
All three orientation relationships were studied according t o  
the computer model develcped in thi,s study. The plot of near 
coincident s i t e s  fo r  the N-W relationship i s  shown in Figure 
81. The repeat grid which represents a unit cell  of the 
0- lat t ice  i s  clearly indicated. These resul ts  agree with the 
geometry of those found fo r  the N-W relationship in other 
interface studies. 78391 As in the Bain relationship, the cell  
walls represent possible misfit  dislocation arrays, From 
Figure 8% which shows interface dislocations on a n  (011) metal 
specimen, the dislocations are along (111) metal directions. 
The (111: metal directions are the close-packed directions of 
the B2 structure,  h u t  do n o t  correspond with the misfit  
dislocation directions in the computer simulation. The 
interface dislocations may then be a resul t  of a combination of 
misfit  dislocations as in a stepped configuration mentioned by 
Hall e t  a1 The values for  o andp , the parameters used to 
measure the degree of overlap fo r  each orientation 
relationship,  are jus t  mentioned now b u t  will be discussed 
a f t e r  the resul ts  of the other orientation relationships are 
presented. For the N-W  relationship,^ = 1.66 x l f 3  and p = 
Both parameters are s l ight ly  less  than that  found for  the Bain 
relationship. 

Figure 82 
Interface dislocations in an oxidized ( 011 ) metal specimen. 
The dislocation line directions are predominantiy along (119 
metal directions, with a spacing of about 0.2 urn. 
For the K-S relationship, the resul ts  are shown in Figure 83. 
Wide bands of good f i t  regions are along the metal [ I l l ]  
direction. This agrees with both the close-packed metal 
direction of the orientation relationship, and also with 
interfacial  dislocations which would run parallel to  the wide 
bands. Each band consists of stepped regions of good f i t ,  the 
general direction of each step being the [311j metal direction. 
The 0- lat t ice  was determined by extrapolation of nearest 
neighbor distances as in the Bain relationship. The outlined 
grid represents only 1/2 the unit cell  of the 0- lat t ice  because 
the length dimension para1 le l  to  the [ I l l ]  metal direction was 
out of the range of the calculations. The regions of best f i t  
agree with the geometry of those found by Hall e t  algl.  For 
-5  O -' 
the K-S relationship, o = 1.60 x and P = 1.23 x 10 A .  
The plot of the results for  the third orientation relationship 
found on (011) metal i s  shown i n  Figure 84. Even though there 
i s  some feature t o  the distribution of near coincident s i t e s ,  
no repeat distance was found determinable for  the dimensions of 
the computer simulation. There appears to  be regions of worst 
f i t  where misfit  dislocations would be expected. Again, the 
direction of misfit  dislocations are along metal [lll] di-  
rections. The values of oand pwere averaged by using the 
en t i re  calculated area because no unit cell  was evident. For 


t h i s  orientation relationship, o= 1.76 x and p =  1.45 x 
The differences among the plots of Figures 81, 83, and 84 are 
in the periodic distribution of near coincident s i t e s .  The 
values of a and p ,  which were intended to be used as a  compar- 
ison for  the favorabili ty of a  particular orientation relation- 
ship,  did n o t  d i f f e r  significantly from one orientation rela- 
tionship to the other (see Table V I I I ) .  To t e s t  the validity 
of th i s  comparison, a  near coincident s i t e  l a t t i c e  was generat- 
ed for  an orientation relationship 15" away from the M - W  
relationship. This puts the close-packed oxide direction 
exactly in between the K-S relationship and the third orien- 
tation relationship mentioned. This l a t t i c e  i s  plotted in 
Figure 85. As can be seen, there appears t o  be no periodicity 
to  the array of points in the calculated area. No regions of 
worst f i t  are noticed as in Figure 84, even though the overall 
distribution of near coincident points compares best with the 
third orientation relationship. The and CJ values of a= 
1.77 x 1 ~ ) - ~  and P =  1.35 x 10 -5 i-2 respectively, are not 
significantly different  than those values for  the actual 
orientation relationships found in th i s  study. 

Table V I I l  l i s t s  values of 0 and found for  a l l  computer 
simulated orientation relationships. The values are also 
0 
calculated for  nearest neighbor cut-off distances of 0.42 A and 
0 
0.21 A. These values are included t o  determine i f  there i s  a  
tendency for  certain orientation relationships t o  have a few 
near coincident s i t e s  of very good f i t  rather than many s i t e s  
of poorer f i t .  As can be seen by comparing values for  those 
orientation relationships that  were found in th i s  study and 
including the one not found, the parameters of o and p exhibit 
no significance trend. However, changes may occur i f  the same 
calculations are carried out on arbi t rary orientations n o t  
containing close-packed planes or directions.  The merit of 
t h i s  computer model might l i e  simply in the determination of 
the periodic arrays of near coincident s i t e s .  There are 
def ini te ly crystallographic features involving misfit  dislo- 
cation regions for  a l l  orientation relationships, except for  
the 15" off-relationship used to  t e s t  the model. Otherwise, 
t h i s  model was not able t o  predict the preference for  one 
orientation relationship over another. However, the results 
might change i f  the calculations were carried o u t  between 
3-NiA1 and NiA1204, allowing for  cation sublatt ices and a  
s l ight ly  larger l a t t i c e  constant than u-A1203 
TABLE V I I I  
Values of a ( overlap area/ g r i d  area ) and p ( # of near co- 
incident  s i t e s /  g r i d  a r ea )  f o r  tohe f i v e  computer models i n  
t h i s  study. 
h3 over lo^ Areo(I? Grid Areo(8? 6 coincident des / unn cell - 6' 
x 16 x 1 6 ~  x 10% 
I )  third orientotion relot~onsh~p found on (011) met01 
2) orientotion relotionsh~p holfwoy between KS antj SD 
3) neorest  neighbor cutoff 
Given the three orientation relationships found on (011) metal, 
the differences in l a t t i c e  constants along cation close-packed 
directions were calculated to determine the i r  significance or 
favorabili ty of the orientation relationships in th i s  study. 
Table IX l i s t s  the percent difference for  the two pairs of 
para1 le l  directions found for  each orientatiov relationship. 
Both the N-W and the third orientation relationship have values 
along ore pair  of parallel directions which are only 3% apart. 
The other se t  of parallel directions has a  large misfit  for  the 
N-W relationship ( 2 6 % )  as compared t o  the third orientation 
relationship (19%) .  The K-S relationship has larger misfits of 
37% and 19% a n d  appears to  be less favorable. This agrees with 
electron diffraction resul ts  in that  the orientation 
relationship i s  quite diffuse. A range of oxide orientations 
between the K-S and N-W relationships are present in the 
diffraction pattern of Figure 48. The favorabil i t y  of the 
third orientation relationship over the N-W over the K-S in 
terms of percent misfit  along cation close-packed directions,  
i s  also portrayed in the and values of Table V I I I .  
d )  (111) metal orientation 
Because o f  the threefold symmetry of the (111) plane o f  
8-NiA1 , three variants of oxide having the same orientation 
relationships grew on the metal surface. 

This orientation relationship,  with three variants,  i s  given 
as: 
('ll)metal 1 1  near (021) oxide 
cliolmeta~ I I C1OO1oxide 
ColT1metal I I C1ooloxide 
I / clOO1oxide 
A study by Wagner e t  a1 found t h i s  same orientation relation- 
ship to  occur on a (111) face of oxidized iron.82 The 
stereographic projection of the Bain relationship i s  shown in 
Figure 86 to  demonstrate the rotation of the oxide projection 
which will give t h i s  orientation relationship. A rotation of 
9.7" around the [110] metal direction will resul t  in the 
orientation relationship. This translation leaves the [021] 
oxide pole about lo away from the [ I l l ]  metal pole. Two se t s  
of parallel  close-packed directions resu l t  from t h i s  rotation. 
They are: 
rliolmeta~ I I c 100]oxide 
and 
The l a t t i c e  constant differences in those directions are 3% and 
19% respectively. When compared to  the oxide (011) metal 
orientation, these values are the same fo r  the third orien- 
tation relationship found on (011) metal. 
Figure 86 
Stereogra~hic projection of the Bain relationship to show the 
translations of the projections needed to result in the ori- 
entation relationships found on (1111 ) metal orientations. 
A similar orientation relationship to  the one found in th i s  
study can be obtained by a rotation of the oxide stereographic 
projection the same 9 . 7 " ,  b u t  in the opposite direction t c  that  
mentioned beforehand. This places a [ O l l ]  oxide pole on top of 
a [ I l l ]  metal pole. When t h e  rlll] metal pole i s  made to  he 
the projection normal, the same threefold symmetry can be 
realized a n d  the oxide would have three variants. Watari a n d  
Cowley found t h i s  orientation relationship to  occur on oxidized 
chromius where a Crp03 spinel l ike  phase was formed.8P This 
second orientation relationship i s  given as: 
One pair of close-packed directions remains the same as in the 
orientation relationships found in t h i s  study. However, the 
second pair i s  given as: 
and also has a l a t t i c e  constant difference of 19% in that  
direction, 
Boggs e t  a1 found that  on oxidized (111) iron, the f i r s t  
orientation relationship found in th i s  study occurred when the 
single crystal was oriented 2" in the [2ii!  direction and lo in 
the [Oil: direction.89 The orientation relationship seep by 
Watari and Cowley occurred when the single crystal was t i l t e d  
less  than 2" toward the [Zii] direction away from the exact 
(111) orientation. This shows a hiigh sens i t iv i ty  to  s l ight  
orientational differences i n  the i n i t i a l  substrate orientation. 
The specimen geometry in th i s  study was not uniform enough to  
allow changes of lo or  so to  be measured with accuracy. 
4 )  Summary of orientation relationships 
Figure 87 shows the stereographic t r iangle  for  a Bain relation- 
ship and indicates the rotations of the oxide projection needed 
to  resul t  i n  the orientation relationships found f o r  each metal 
orientation. All rotations are seen to  occur in major 
crystallographic directions. The interesting feature i s  t h a t  
the same 9.7" rotation i s  needed to obtain the N-W relationship 
on (011) metal and t h e  o r i e n t a t i o n  r e l a t i o n s h i p  found on (111) 
metal. However, the direction of rotation i s  changed by 35.3c, 
the angle between the (111) and (01.1) planes. 
Table IX l i s t s  the percent difference in l a t t i c e  constants 
along parallel  directions fo r  a l l  the orientation relation- 
ships. In a l l  cases, except f o r  the K-S relationship, a t  leas t  
one pair of directions has a difference of only 3%. This 
(hkl) - metal 
(hiti) - oxide 
-
Figure 87 
Stereographic t r i a w l e s  of t h e  Bain re l a t ionsh ip  f o r  metal and oxide. Arrows near (001) 
r ep resen t  t r a n s l a t i o n s  of t h e  oxide projec t ion  needed t o  r e s u l t  i n  a l l  of the  o r i e n t a t i o n  
r e l a t i o n s h i p s  found i n  t h i s  study between metal and cubic oxides. 
difference i s  usually accommodated by the para1 le l  ism of the 
[loo] or r l l O ]  directions of e i ther  phase. For the third 
orientation relationship on (013) metal, the 3% difference 
resul ts  from the [ll l]  metal direction and the [I121 oxide 
direction being paral le l .  The orientation relationships can be 
considered to  be primarily dependent upon alignment o f  parallel 
directions where the misf i t  along those directions i s  a mini- 
mum. 
Orientation relationships can explain why 6-A1203 i s  s table  on 
(001) and (012) metal orientations b u t  not stable on (011) and 
(111) orientations. The asymmetry of the 6-A1 203 structure 
precludes more than one oxide close-packed direction from 
simultaneously a1 igning with other close-packed directions in 
the (011) or (111) metal planes. The inabi l i ty  of 6-A1203 to 
superimpose properly on the (011) a n d  (111) metal planes along 
two close-packed metal directions results in a stabilization o f  
the cation sublat t ice  of the cubic spine1 structure.  Thus, 
v-A1203 i s  the stable oxide phase on the (011) and (111) metal 
orientations. 
C) Transient effects  on the formation of a-A1203 on 
B-Ni A1 
This study has thus f a r  dealt  only with the transient stages of 
oxidation of alumina forming alloys. The major goal of th i s  
project, however, i s  to  characterize the transient oxidation 
stages so tha t  the formation of a-A1203 or the transformation 
to  t h i s  s table  phase can be controlled. Work by Felton and 
~ e t t i t , ' ~  Hindam and smeltzerZ5 and Rybicki and smialekZ1 and 
Smialek and ~ i b a l a ' ~  has la id a foundation fo r  the detailed 
study of a-A1203 formation from transient  oxides on alumina 
forming alloys. 
In the studies by these authors, oriented a-Al2O3 was predicted 
on 6-NiA1 and Pt-A1 a t  temperatures greater than 1000°C. 
Regions of oriented wA1203 corresponded to  the oxide grain 
s ize  and were surrounded by ridges of fine-grained random 
wAlp03. No resul ts  on the actual preferred orientation of the 
oxide grains were obtained, however. 
Many studies have found epi taxial ly  oriented *Fe203 and 
crCr2O3 which are isostructural with &A1 *O3. However, the 
majority of the studies find tha t  the cbphase i s  epitaxially 
related to  the spinel phase and not necessarily to  the metal. 
The most prominent orientation relat iomhip found has been: 
C1111 
s p i n e  1 I I (OOO1)a-M 2 O 3 
lo) s p i n e l  I I (llZo) a-M 2 0 3 
The {1111 planes of spinel have a hexagonal structure as does 
the (0001) basal plane of the a-M203 oxides. This relationship 
been found for  oxidized and for  oxidized 
chromium.88 Smialek found th i s  orientation relationship for  
oxidized NiCrA1 alloys.  18y22 This orientation re1 ationship i s  
said to  occur because the anion l a t t i ces  of the two structures 
in those orientations are similar. The final transformation t o  
a-A1 0 involves 2 restructuring of the cubic anion l a t t i c e  t o  2 3 
a near hexagonal anion l a t t i c e ,  therefore suggesting th i s  
orientation relationship. 
Because of the strong orientation relationship between the 
(1113 spinel plane and the (011) metal plane, epi taxial ly  
oriented a-A1203 would be expected on 10111 planes of BCC 
metals. In the studies mentioned above, the {111} spinel 
orientations were obtained by oxidation of the (011) metal 
faces. In a study of CrPt growth on sapphire by Baglin and 
d ' t t e ~ r l e , ~ ~  no cubic oxide phase was present yet  the predicted 
orientation relationship occurred. This would indicate that  
there i s  a tendency for  the hexagonal anion l a t t i c e  of a-M 0 2 3 
t o  align i t s e l f  with the metal much in the same way that  the 
cation sublat t ice  of the spinel phases are  oriented upon 
nucleation. 
Because of the high negative heat of formation and the rela- 
t ively slow cation diffusion processes, a-A1 0 nucleates and 2 3 
grows a t  the metal-oxide interface unlike a-FeZ03 on oxidized 
iron. Therefore, both the metal and cubic oxides can play a 
role i n  the orientation of the a-A1203 Both should tend to  
cause a basal plane orientation of a-A1 *C3 when a n  (011) metal 
interface i s  oxidized. 
The nucleation of a-A120g a t  the metal-oxide interface i s  not 
the same as the transformation from the t ransient  A1203 phases 
to  a-Al2OY A restructuring of the anion l a t t i c e  of the cubic 
oxide i s  involved when th i s  occurs. This restructuring in- 
volves a 14% decrease in volume and thus induces tens i le  
s t resses  i n  the pre-existing oxide layer. Even i f  the oxide i s  
oriented, the tens i le  s t resses  would s t i l l  develop. Therefore, 
i t  appears that  the i n i t i a l  oxide layer could have l i t t l e  
effect  once the transformation t o  a-A1203 begins t o  occur. 
Because the experiments were ended a f t e r  ten hours of oxidaticn 
time, the transformation to  a-A1 203 had n o t  yet begun. Even 
so, there ex is t  differences in oxide phases on different  metal 
orientations. Y-A1203 exis ts  on (011) and (111) metal orien- 
tations whereas 6-A1203 i s  present on (001) and (012) metal 
orientations. The Y -  A1203 on (011) metal appears to  be the 
best candidate to  obtain oriented a-A120j. However, does 
y-A1203 transform to a-A1203 or i s  Y-A12Q3 stabilized on (011) 
metal until  the final transformat-ior? If  Y-A1203 transforms t o  
6-Al2O3, a different  orientation of metal might form 6-A1203 
having an orientation more suitable fo r  oriented a-A1203 
formation. 
The transient oxidation of B-NiA1 could therefore be an 
important factor in the final structure of the stable a-A1203 
scale. The high degree of preferred orientation in the 
transient stages of oxidation might be carried over as a-A1203 
begins to  form. Single crystal or even highly textured 
a-A1203 scales should possess the optimium slow growth ra te  
characteristics.  The key to  the attainment of these highly 
desirable a-A1203 scales might l i e  in optimizing the t ransient  
stages of oxidation on alumina forming alloys. 
CONCLUSIONS 
Results of th i s  study indicate that  the transient oxidation of 
NiAl+Zr i s  highly dependent on the metal substrate orientation. 
Tbe difference in oxidation character is t ics  with metal orien- 
tation could be a major factor in obtaining slow growing, 
"single crystal " a-A1 20g scales on these a1 loys. 
A t  800°C, fo r  oxidizing times u p  to  10.0 hours, transient 
oxides based on the cubic spinel structure form cv a l l  metal 
orientations. The oxides are  highly epi taxial ly  related t o  the 
metal substrate. The strong epitaxy i s  a resul t  of minimal 
amounts of mismatch along cation close-packed directions i n  
both the metal l a t t i c e  and the oxide cation sublatt ice.  
The (001) and (012) metal orientations produce similar oxida- 
tion resul ts .  The oxide scales are  i n i t i a l l y  NiA1204 which 
becomes i? minor oxide phase as 8-Al2O9 forms and grows by 
outward cation diffusion. The orientation relationships 
between metal and oxide are based upon the close-packed [loo] 
metal and [I101 oxide directions where the l a t t i c e  parameter 
mismatch i s  approximately 3% along these directions. 
On (011) and (111) metal o r i e n t a t i o n s ,  NiAli04 does no t  become 
a secondary oxide phase a s  qu ick ly  a s  on the o t h e r  metal 
o r i e n t a t i o n s .  Also, Y-A1 203, and not  &-A1 *03, becomes the 
predominant oxide phase. The o r i e n t a t i o n  re1 a t i o n s h i p s  or: 
t h e s e  metal o r i e n t a t i o n s  again fol low the same p r i n c i p l e s  o f  
ca t ion  close-packed d i r e c t i o n s  and appear t o  play a major r o l e  
i n  t h e  a t ta inment  of  v-A1203 versus  6-A1203. 
6-A1203 has a t e t r agona l  sp ine l  s t r u c t u r e  w i t h  an average c/a 
r a t i o n  of  2.9. This  appears  t o  be the thermodynamically 
d e s i r a b l e  phase a t  800°C on B-NiA1, However, s t r u c t u r a l  
s t a b i l i t y  of v-A1203 on (011) and (111) metal o r i e n t a t i o n s  
ove r r ides  t h e  thermodynamic favorabi  1 i t y  o f  6-A1 203. 
The o r i e n t a t i o n  r e l a t i o n s h i p s  i n  this s tudy  a r e  based on 
c l a s s i c a l  BCC-FCC o r i e n t a t i o n  r e l a t i o n s h i p s .  On (001) metal , 
t h e  B a i n  r e l a t i o n s h i p  e x i s t s  and is  g i v e n  as :  
(O0 ''met a1 I I (ool)oxide 
1 1  Cll03 
oxide 
Cn (012) metal, an orientation relationship occurs which is 
!ess than lo away from the classical Nishyama-Wassermann 
relationship. The relationship is given as: 
Three orientation relationships occur on (011) metal and 
include the Nishyarna-Wassermann relationship, and the 
Kurdjumov-Sachs relationship and a third orientation relation- 
ship which appears to be more favorable than the 
Kurdjumov-Sachs but less favorable than the Nishyama-Wassermann 
relationship. These are given as: 
On (111) metal, the  o r i e n t a t i o n  r e l a t i o n s h i p  t h a t  occurs i s :  
('")metal I I near (021) oxide 
c l i o l  metal I I C1OO1Oxide . 
Computer model i n g  o f  these o r i e n t d t i o n  re1 a t ionsh ips  w i t h  a  
s i m p l i f i e d  geometr ical  approach, d i d  no t  r e s u l t  i n  t he  a b i l i t y  
t o  p r e d i c t  t he  e n e r g e t i c a l l y  favorab le  o r i e n t a t i c n  r e l a t i o n -  
ship. 
Fur ther  work i s  needed t o  determine the  ex ten t  o f  t h e  metal 
o r i e n t a t i o n  e f f e c t  on the  ox ida t i on  ra tes  o f  alumina forming 
a l l o y s .  Optimium use o f  t h i s  e f f o r t  could r e s u l t  i n  the  
format ion o f  des i rab le  u -A1 pOg scales w i t h  t h e  super io r  
p roper ty  o f  growth of t he  ox ide scale controTled more so by 
l a t t i c e  d i f fus ion .  
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Appendix A 
- 0 
Published d-spacings for NiA1204 and y-A1 0 . (~ef. 41) (A) 2 3 
Appendix B 
Relrod formation and positions in (001) and (111) oxide zones. 
Relrod formation occurs because the intensity distribu- 
tion of diffracted electrons is a function of the sample 
geometry. The intensity distribution is given as: 
F 2 sin (ntsz) 
I =  ( L ) 2  
2 
vc (nsz) 
where I = intensity 
F = structure factor 
g 
V. = volume of a unit cell 
C 
t = foil thickness 
s = distance from the reciprocal lattice point to the 
z Ewald sphere in the z-direction. 
A plot of this function is shown in Figure B1 and shows that 
the intensity is not a spot but actually in the shape of a rod 
in the z-direction with a length proportional to l/t. 
Figure B2 is a schematic of reciprocal space of an (001) 
NiA1204 zone and shows relrod intersections with the Ewald 
sphere. The projection of these intersections results in the 
two-dimensional diffraction pattern. Just the projection 
of a (Ul) NiA1204 zone is shown in Figure B3 to indicate 
from which Laue zone each reflection arises. 
ORIaNAL PAGE ts 
OF POOR QUALlW 
Figure B:L 
Plot of intensity versus distance from the reciprocal lattice 
point to the Ewald sphere in the z-direction. 
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Appendix C 
Published d-spacings of 6-A1 0 along with assigned indices to 
compare with the calculated $a?ues of d-spacings of 6-U2G3 
found in this study. The lattice constants of ao= 7.936 A 
c = 23.356 A are the average values measured from diffraction 
pgtterns. 
Published d-spacings(l) (hkl) Calculated d-spacings(l) 
QRp"@? ~ i ~ , , ~ l  
c * \i. b.-, 
OF $~gr; 
Appendix D 
6-Al 0 zone axis diffraction pattergs from(001) and (012) 
rneta? axidized for 10.0 hours at 800 C. The indices of the 
zones correspond to a cubic s4,ereographic projection and not 
to the tetragonal projection of &-A1 0 
2 3' 






Computer programs used t o  determine neares t  neighbor 
distances i n  the  computer models f o r  the  f i ve  or ienta t ion 
re la t ionships  mentioned i n  t h i s  study. The basic programs l i s t e d  
below are  adjusted t o  allow f o r  d i f f e r en t  ro ta t ions  and spacings 
of the two-dimensional in te r face  l a t t i c e s .  
5 31k kL801112i3,bB; 
i 8 h = 0  
25 Th;lE;E 
26 NiiTFtriCt 
38 : 2.05; 
31 b k i  : 2 . 8 . 5  1 2  i k&: 
35 Kil (7.986 i 2 )  
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. -;,, 552 = - 2 5 8 . 5 i Z * c l i i i  
:a c = - 20 
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& : , ; = a  
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;: ~ i 3  = 8 
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78 ALF = a 
66 6 k 5  = 8 
108 ti = KA: t t~ t i O E  ( L L ; :  - r 
* SIFc (~:F.I * 
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6Oi0 128 
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35% NU2 = NU1 
;ba If k = 6 THECi 6012 383 
370 6070 420 
Sea I F  T l  > T8 THEN 10 = 1 1  
390 NN1 = 1 1  
408 NCi2 = 11  
485 5 = U 
4Bb L = V 
410 NEkT 
428 I F  LE3 = 8 THEk LE3 = hN; 
438 I F  LET i NN; THEN 6016 4bil 
448 LE3 = NN; 
445 I = S 
440 = i. 
458 NEXT fl 
40a )IN = TI 
478 6010 458 
480 NN = LE3 
498 I F  NN ( 4.68 THEN 6010 5 1 1  
588 6010 500 
518 P h l  1 
511 PRINT 'NN=':NN 
520 PRINT 'H=':H 
538 PRINT 'I,=': b 
540 PRINT 'U=':I 
558 PRINT 'V=":J 
568 PRINT 'O=':E 
561 PR# 4 
5 7 0 R = R +  1 
588 NEXT Y 
565 I F  1 / 2 = I N 1  ( x  I 2)  THEN 
C = C + l  
598 NEXT 1 
688 ENt 
21 b = N * ( i R  - N) t ( f i t  N j j  ;. 
I 9.5 
i 2 C = 2 t  ( h z : 2 t A - B )  
25 Tl) = Tb + C 
38 PFi# 1 
31 PRINT 'A=':C 
32 PRINT 'SUHHED AREA=':TA 
33 PRt 8 
35 6fiTli 18 
36 END 
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